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isoscalar meson resonances — tensors A

coupled ntrt, KK, nn ... scattering
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isoscalar meson resonances — scalars 3

coupled nirt, KK, nn ... scattering
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isoscalar meson resonances — scalars 4
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resonance content ? 5

a rigorous definition — pole singularity in a partial-wave amplitude tf;f)(s) ~ GG

— bound state: sg = M? _’N
e.g. deuteron — > Re[s]

NN

So — S

Imv[s]

. _ - 1
— resonance: +/so = M — z§F

HZJ\
e.g. p meson > Re[s]
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f2 resonances 6
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fo resonances ? 7

K:
% > Re[s]
f0(980)

Im|[s] o

f0(980) large coupling to KK
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other scalar mesons 8

broad, light o(600) in it /=0
broad, light k(800) in K  [=2, S=1

narrow fo(980) in rtrt at KK threshold /=0
narrow ao(980) in mtn at KK threshold /=1

... a flavor nonet ?
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other scalar mesons 9

broad, light o(600) in it /=0
broad, light k(800) in K  [=2, S=1
narrow fo(980) in nrt at KK threshold /=0
narrow ao(980) in rtn at KK threshold /=1
... a flavor nonet ?

([ )

qq quark model
without flavor mixing
I Sg

US T—

_’ud

ul + dd
_ J
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other scalar mesons

10

broad, light o(600) in it /=0
broad, light k(800) in K  [=2, S=1
narrow fo(980) in nrt at KK threshold /=0
narrow ao(980) in rtn at KK threshold /=1
... a flavor nonet ?

— ™)
gq quark model e.g. JP=2+
without flavor mixing
I G G fé(1525)
US — K5(1430)
— I ud_ CL2(1320>
ut + dd f2(1270)
. J
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other scalar mesons

11

broad, light o(600) in mtrt
broad, light k(800) in nK

r

L

qq quark model

without flavor mixing
I 85

US T—

_’ud

ul + dd

J
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[=0

I=Y2, S=1
narrow fo(980) in rtrt at KK threshold /=0
narrow ao(980) in mtn at KK threshold /=1
... a flavor nonet ?

e.g. JP=2+
f2(1525)
K2 (1430)

a2(1320)
f2(1270)

but not JP=0*

ao(980)
f0(980)

%(800)
o (600)
?
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other scalar mesons 12

broad, light o(600) in mtrt
broad, light k(800) in nK

narrow fo(980) in nrr at KK threshold
narrow ao(980) in mn at KK threshold

C— )
gqqqg quark model
f@ B E— ch3§ 00(980)
SS
US) e— k(800)
0eee
- y

v hidden strangeness
makes the fo, ao heavier

X why so light, differing widths,
proximity to KK accident ?
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scalar mesons 13

broad, light 0(600) in

?
broad, light k(800) in nK ’

narrow fo(980) in nrr at KK threshold

74 K ?
narrow ao(980) in rtn at KK threshold } Gl eliselEs

or some other explanation we’ve not thought of yet ?

... can these questions be explored in QCD ?
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lattice QCD 14

you’ve heard this a million times ...

in this case:
— discrete cubic grid (probably irrelevant)

— larger quark mass (helpful — makes pions heavier)

— finite spatial volume (vital — tool for scattering)

compute two-point correlation functions  C;;(t) = (0|0;(¢) 0,(0)]0)

to determine the discrete spectrum:
Cis(t) = 3¢5 (0] 0s ) (n[0;]0)
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lattice QCD 15

compute two-point correlation functions  C;;(t) = (0|0;(¢) 0,(0)]0)

to determine the discrete spectrum:
Cij(t) =) e 7 {0]Oi[n)(n[O;]0)

operators Wick contractions

‘single-meson’ (a) (%) (¢) (d)

B iapX

‘meson-meson’

Y C(p1,p2;p) Mi(p1)Ma(p2) © () (9 (
P1,P2 O:) C:O (D @

: —
choice of meson-meson E. :\/m% 4 (QT) p?
operators guided by

non-interacting spectrum ... + \/mg + (2%)213%
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finite-volume formalism

16

det {1—|—z’p-t-(1—|—z’M)} — 0

p(E) phase-space

t(F) scattering matrix

M(E, L) finite-volume function E(L) . . E
(0] @)
in the elastic case t = %67’5 sin 0 o : o,
(for one partial wave)
cotd(F) = M(E, L) . 1
o g ?
actually more information Lo
in moving-frame spectra
o : - R 150} 01;0 B m% }
o . " i
I_1 ) J _1 ) g L/as [()‘1(:;,0] o - (111] :
. = 90t o 16 0,0,1 S 90 [200]
it elastic = e A I 936 MY @
T B Y Les=3 d
30r e My =391 MeV 0r
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finite-volume formalism 17

det {1—|—z’p-t-(1—|—iM)} — 0

p(E) phase-space

t(F) scattering matrix

M(E, L) finite-volume function

can also be applied in

coupled-channel case more challenging

t(F) — EL(L) (pluginto eqgn. above & solve)

E.(L)+4 t(E,) (multiple unknowns in the scattering matrix)

do a global fit to the spectrum with an amplitude parameterization ...

(guarantee unitarity by using a K-matrix)
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finite-volume spectrum — /=0, G=+ a0ty 18
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finite-volume spectrum e so1ney 1
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a K-matrix amplitude description 20

- KK [000] AT [100) A,  [110] A,  [111]A;  [200] A,
a+bs c+ds e 0.24_f i E ' (RAs\\. | : %» AN
K'!t=|c+ds f g % = % = % i X %
e g h 022+ i " E & % i { e % %
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¥2/Naot = 44.0/(57-8) = 0.90

too conservative
systematic error
estimation ?
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a K-matrix amplitude description

21
m. ~ 391 MeV

T KK mm

a+bs c+ds e
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a K-matrix amplitude description o~ 301 My 22
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varying the amplitude parameterization,, ., .. 2

20 variations
(many more considered)
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varying the amplitude parameterization,, . ... 2

2
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couplings from pole residue 391 Mev 23

Re(at\/g)
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>-wave summary My ~ 391 MeV 26
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My = 391 MeV
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D-Wave my. ~ 391 MeV 27
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D-wave — amplitude variations

28
my. ~ 391 MeV
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29
m. ~ 391 MeV
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D-wave summary e~ 391 Moy 30
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other scalar mesons ? 301 0ey 1

previously calculated coupled nn,KR =1 scattering Phys.Rev. D93 094506 (2016)

pip;ti;)°
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0.6 -
o5l KK — KK
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0.3}
02 sharp asymmetric peak
o1l at KK threshold
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sheets ? 32

complex s-plane actually multi-sheeted

s 4m?
Unltarlty Im [tw(S)} = _52']' IOZ(S) p@(S) = 1 — -

square-root branch-point
at each threshold

. A . |
TTTItT RN
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L KK
" * ", 9
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sheets ?

33

complex s-plane actually multi-sheeted

s 4m?
unitarity Im [tw(S)} = _52']' IOZ(S) p@(S) = 1 —

Imv [5]

WILLIAM
& MARY

S

square-root branch-point
at each threshold

Im[ kkk]
A
Tt
LV o 1
Tt RN | R s, 1] ly
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T KK 5] _
e KK Re[ k]
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?
sheets * m,. ~ 391 MeV 34

mr(fo) = 1166(45) MeV, Tr(fo) = 181(68) MeV, e(ao - KT)| = |e(fo — KE)|  ~ 850MeV
mp(a) = 1177(27) MeV, Tr(ao) = 49(33) MeV. c(ao = 7m)| ~ |e(fo = 7m)|  ~ 700 MeV.

look very similar (in mass and couplings), but ...

Im[ kkx]
A
”l Iu
fo B
® KK Re[Kk«]
@ >
ao™®
IV 1,
on different sheets ?
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‘explaining’ the sheet distribution

35

e.g. Flatté form  D(s) = mg — s — ig% p1(s) — igs pa(s)

has poles
VS0 & my £ %gi’:
VS0 & my £ %gfniZ
V80 & mg = %giﬂZ

2
on sheet Il, if (9_1) P > 1, or,
92/ P2

2
on sheet |V, if (g—l) a < 1, and,
g2 P2

on sheet Ill, in all cases,

mr(fo) = 1166(45)MeV, T'r(fo) = 181(68) MeV,
mr(ag) = 1177(27)MeV, T'r(ao) = 49(33) MeV.
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~ 850 MeV
~ 700 MeV.

for it than nn
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interpreting the sheet distribution ? 36

a pole on only sheet Il or sheet IV = ‘molecular resonance’ ? explained to me by Adam,
i’m still trying to understand ...

. IV . |
s oA
._-!_._-* Re[s]
',' “ KK,’ ':'
= et
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interpreting the sheet distribution ? 37

imagine no lower channel 4
and binding dynamics in KK
”l Iu
> —0—» ReJs] ™
b.s. KK
Im[kkk] > O @ >
v
Im[S] IVu I”l
now ‘turn on’ the lower channel and allow a coupling to it f
11 u
Rels] R
—t— e Re|[s ®----
i KK
N @ >
o
| IVy 1,
v
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interpreting the sheet distribution ? 38

imagine no lower channel

A
and weaker attraction in KK
”l Iu
o—o—» ReJs]
v.b.s. KK
Im[kkk] < O & >
v O
now turn on the lower channel and allow a coupling to it f
o IF u
——o—o__> Re[s]
KK
@ >
o
IVy "--- 11,
v
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interpreting the sheet distribution ? 39

on the other hand ...
an ‘ordinary’ resonance is expected to have ‘mirror’ poles:

D(s) = m§ — s —ig; p1(s) — igs pa(s)

- 9 . 2

-2 . 2 _ 2
1 g5 p: C 0 . [ g

VS0 & mg =L - 92 P2 <J1-) P 1 on sheet I, if <Jl> 1 > 1, or,
2 mg go P2 g2 P2

. 9 A 2 A 2
1 g5 p; ¢ 0 (¢

V80 & mo £ - 202 1y <J1> o on sheet |V, if (“h) Al 1, and,
2 mo g2 P2 g2 P2

so2 [ N2, ]

L gs P2 g1 P1 .

V8o R mp £ - == I+ = | — on sheet |, in all cases,
mg 92 P2

A
”l Iu
e e e Re[S]
o é >
“.. ®
Il IVy 11,
v
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poles on other sheets in the lattice calc ? .., %

Re(ary/s) At Ika?
fo hn(ackyr)s = = = 2o do
| Il 0.10 1 |u
0.18
- 014Ul |
0.12 S
%\ 0.10 0.05 6“&
5 006 «
- ! A & \ &
o { 1 Re(akgg) 0.10 005, O«Qb 005 O«é\i 0.10
0.08-006-004-002 | 002 004006 008" ; b2 arRe ki
5 002- o ; v, i
0.08 : 2005 |
0.04- 019 : e
v, i) o : F :
006 e ; I,
3! ' -0.10 ¢
-0.08 -
parameterization dependent
distant poles on sheet lll
looks more like
one pole = ‘molecular resonance’ ?
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summary — isoscalar mesons 41

first exploration of the lightest few isoscalar resonances in first-principles QCD
with unphysically heavy u,d quarks

tensors look ‘ordinary’ << X

fa ~ f5(1270) ~ uit + dd — 7w dominantly ~ supports ‘OZI’

o~ £5(1525) ~ 55 — KK dominantty Phenomenology \/
t/

scalars are much more interesting 08}
0.6}

o as stable bound-state below rrt threshold oal KR > KR
fo resonance close to KK threshold 02 O\ ey KE

0.14 0.16 0.18 020 022 024
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KK threshold region

42
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finite-volume Flatte 43
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finite-volume ‘dip-like’ 44
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meson-meson ops are vital 45
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quark mass evolution of o

46
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why is this case different ? 47

the real energy axis behaviour isn’t just dominated by a single (nearby) pole

“left-hand cut” T KK
— Rels]
< o
\ f2(980)
@
o)
v

Im{s] left-hand cut is just
as close as the o pole

left-hand cut related to crossing symmetry but our amplitude

1 parameterizations

e.g.
\o/ Hs,t) ~ t— M? don’t include it !

te(s) ~ /dcos@Pg(cos 0)t(s,t(cos b))

te(s) ~ log (S — (4m2 — M2))

branch point at s = —M?* 4 4m?2
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o pole with changing quark mass 48

. unitarized SU(3)r chiral perturbation theory gﬁ?ﬁ%ig?;gom) VS0 =m+ il
1.8
e resonance poles become g 1.6
virtual bound states &b
somewhere near S 14
mr[ ~ 2.5 mr[phys \
5 12 .
= “fit 11”
e lowest mass v.b.s 1.0 “fit 1”7
becomes a bound state
somewhere slightly above L8
mr[ = 3.0 rnr[phyS CIS B
S 14
“the exact mr value when ﬁ L L
this happens is not very reliable” —
~
-
—
0 05 10 15 20 25 3.0
mﬁ/mghys.
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fo(980) dip — peak 49

can even look different in ‘same’ process - p—ndndn E852
S—wave
X-m £ .5 % 0.5<-tx/mp2 < 5.2
E: + +*+++
T 5.2 < ~ti/mi? < 10.4
—.. o $

t 14t +H
o, M {* 10 < —tx/mp2 < 20

other exchanges + o
modify the production i} -

L

d 1 10 <-tx/m2 < 75
v ‘ ¢
> [Sun
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¢ )
local’ operator spectrum 50
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| - ‘f R — — mm -m
i - ++ 4 3-!-— - 0
2000 | =. N o — ; O
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tetraquark operators 51

generic local diquark operator

5}{3[;] = (3ry; 31| Rr) (Fy fo; Fofol| F'f) qz;fa (CT) qr, 1, color reps. R = 3,6
spins  Jp= 0%, 1%

no assumptions made at this point about good/bad diquarks

generic local tetraquark operator
119 J1I'1] gJ2|l'2
ﬂ{g1£2]]p[plp2] — <J1m1; J2m2|Jm> <R17°1; R2T2|1> <F1f15 F2f2|Ff> 5R1[F1] 5R2[F2]
(+ C/G-parity symmetrisation ...)

spins J <2

smeared quark fields, but otherwise local,
certainly not sampling the whole lattice volume

( diquark construction just makes fermion antisymmetry manifest )
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tetraquark operators — hidden charm /=1 52
‘ : m, ~ 391 MeV
all ‘expected’ meson-meson operators + several tetraquark operators
g >
Q > c
< = O
+ (@] E
: £ ¢
4250 - -
Z(°3900°) ? - ——- X0
4000 L ~ 4000 - = — =) 1500 o " 7 /e
\ [] 2000 [ J/bp =0
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== _:E 2 J/pm 4150 g J/p
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% 3800 | = = DD 4100 &1 DD
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3400 — — D _777'(' 3900 — = — _DD*
— = ] J /Y )
3400 3300 - 3850
PG ++ +- +-
A 1) Aj T,
JPC - 1+— JPC - O—I——!— JPC - 1—|——|—

Gavin Cheung (Cambridge)

arxXiv:1709.01417 [hep-lat]
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