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Experimental Status
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The lightest vector (J¥¢ = 177) mesons are the p(770), ®(782), ¢(1020)
States are well understood in e*e-annihilation due to their narrow widths and little
background into decay into simple states like zx, nnn, KK. 5
w and ¢ states separated via decay channels 7z vs KK (OZI)
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Excited light vector mesons (1=1)

Phys. Rev. D 94, 11201 (2016)

Phys. Rev. D 86, 032013 (2012)
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The p(1450) and the p(1700)



Excited light vector mesons (I=0)

Eur. Phys. J. C 80, 1139 (2020)
Phys. Rev. D 76, 092005 (2007)
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A Place to start

Presence of two states in 17~ from quark model it is
natural to interpret these states as a radial excitation in

S-wave [2°5,], and an orbital excitation in D-wave [°D,] (or
some linear combination of the two).
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What the PDG says: t=1 (07 1 2)
(=21 (1,2,3)"
Isovector : p(1450), p(1700), p;(1690)

Isoscalar: w(1420), w(1650), @;(1670) / ¢(1680), ¢;(1850).

Lattice: Cy(1) = ) (0|0, a)(a| 0;|0)e 5
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J.J. Dudek, R. G. Edwards, P. Guo, and C. E. Thomas
(Hadron Spectrum), Phys. Rev. D88, 094505 (2013), arXiv:1309.2608 [hep-lat].
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Scattering

Instead of studying the /™~ states in production, we can study them

' i PD
INn scattering. DB

Example: p — nx
Production: eTe™ — zx | Amp |

Scattering: nxr — nx

Resonances can be understood by the energy dependence of the
scattering amplitude.
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Scattering in a finite volume

Energy levels are now discrete, they feel the effects of the finite-volume (no asymptotic states).

| Amp |

Finite volume Scattering continuum
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Lattice QCD

Introduces three fundamental changes:
Lattice spacing — does not likely play a big role
Lattice volume — tool we need for scattering
Quark mass — feature we make use of increasing pion mass

Compute correlation functions C (1) = (0] O(1)0,(0) | 0) to extract the finite volume spectrum

= C(t) = Z (0| 0;|a){a] Oj\O)e_Eat



Scattering in a finite volume

2 — 2 scattering amplitudes are related to the finite volume spectrum via Llischer’s quantization
condition: det |1 +ip-t- (1+idl)| =0
2k

pE) = fl is diagonal matrix of the phase space

tl-j(E) Is the symmetric scattering matrix satisfying unitarity Im(ti_jl) — —51-]-,0@-

M (E, L) contains the finite volume pieces

Calculations have been done for elastic, coupled channel, and coupled channels with spinning
particles.



Elastic scattering in a finite volume

det _1+ip-t-(1+iM)_

For a single elastic channel (one partial wave) = #(E) =

Reduces to a single equation coto(£) = M(E, L)

— O Can describe the amplitude through a phase shift.

1/

p(coto(E) — 1)

180 -

391 MeV

150 F

~ | m,~783MeV, T, ~85MeV
m, ~ 853 MeV, Fp ~ 12 MeV

400 500 600 700 800 900 1000 £, /MeV

D.J. Wilson, R. A. Briceno, J. J. Dudek, R. G. Edwards, and
C. E. Thomas, arXi1v:1507.02599v2



Coupled-channel

det |1+ip-t- (1+iM)| =0

Solutions follow from K-matrix parameterizations of the amplitude :

(@) (@)

t' =K' —ip Ki(s)= ) i/ > Py,

2
ms= — S
a a B

2
pip; [tij
R. A. Briceno, J.J. Dudek, R. G. Edwards, and D. J. Wilson,
0.8 | Phys. Rev. D97,054513 (2018), arXiv:1708.06667 [hep-lat]
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This work (excited ./ resonances...)

Old:

Elastic scattering V
Coupled channel V

Spinning hadrons V

New:

Multiple resonances in the same partial waves and irreps = a proper test of the finite volume
formalism



SU(3) Flavor Ensembles

This project studies the isoscalar /™ excited mesons at the SU(3) flavor ¢, |

point

=—Heavier light quark masses allow us to probe higher energy regions:

2000 }
first three-particle threshold gets moved higher up
resonant states at lighter quark masses feature as stable
particles
_ 1500
=Fewer channels (ex. r, K, K, are all just ;78)
1000

1
M 8

m, ~ 700 MeV



Channels SU(3),  wemweniios oo
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Parameterizations, J=2,3

J=2 dynamically coupled in P- and F-waves & K;; — (Qki)erf/(ij)e/ / = ()

Can handle this with the K-matrix t 1= K~ +1

Kj—o =

) (3P2

(° P,

3P2)
3F2)

(° P
(°F

SFQ) )

3F2) _

J=3 Breit-Wigner parameterization

JP
1T
(=11 (0,1,2)"
(=21 (1,2,3)"
(=31 (2,3,4)"
S — 50 p(S/) ds’




7786()8 elastic scatteringin2™ .37
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7786()8 elastic scatteringin2™ ™
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7786()8 elastic scatteringin 1™~
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Elasticity
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Resonance interpretation

In N.R. scattering, the scattering amplitude Is
completely determined by the potential. i

Veff(r) — V(’I“) | 8(6:2_ 1) U < ¢,

) Re
Quasi-bound N(s) “Unphysical cut” s <s;
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1 - 2_ o 3 - Add the [0O11]A, irreps and fit all
? ? simultaneously
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- Calculation PDG
crude extrapolation o SN | T ~ 20N
LER" ~ 4 MeV | T 400 ~ 290(120) MeV
'™ ~ 5 MeV

2 1 1 2
W = \/;601 + \/;a)g ;= \/;a)l — \/;a)g PR ~ 154 MeV | T oo ~ 150(50) MeV

[y, ~ 25 MeV
Fgalcuégtﬁnv - PI1)§8(10) oo TR~ 133 MeV | T ) o~ 5278 MoV
ZS ™~ © wo ™~ € {* 0
Assume an exact OZ| symmetry to get FEE® o MoV 3(1670) TRE" ~ 9 MeV | TH,00) ~ 400(60) MeV
the couplings to the octet Fi‘;’ 1 MeV
LR ~ 20 MeV L 1850) ~ 87(25) MeV
A idth scales with th | e~ 3 MeV
ssume width scales wi e angular Caleulation PDC
momentum ~ k 7w ~ 22 MeV | I 00~ 30(10) MeV Ty ~ 20 MeV T 1650) ~ 84 MeV
[ * 7 KK* 16
raf ~ 2 MeV DR R Eg0) ~ 7 MeV Lo ~3MeV | T gs0) ~ 315(35) MeV

7 ~1MeV

Octet calculation is underway

L7y ~ 9 MeV [T 700) ~ 0 MeV
Iy ~3MeV | TN o) ~ 250(100) MeV

A. B. Clegg and A. Donnachie, Z. Phys. C 62,455 (1994).
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We extract 4 resonances consistent with the quark
model prediction.

177: broader lighter first resonance and heavier
narrower second resonance

27" broad resonance coupled mostly to P-wave

37" narrow F-wave resonance

Finite volume formalism can handle multiple
resonances in same partial wave and nearly
degenerate resonances in same irrep.






Future

2500
Calculation of the octet is underway:
= more channels
= identical particles 7%, ®°®° 2000 1
= nearly degenerate thresholds In 778608, ;78601
Would like to be able to study the hybrid candidate that lies
slightly above in 17~ o
= likely requires three-particle formalism
1000

=
Nl
2 )
1
N 8

m,. ~ 700 MeV






Lattice QCD

Optimized operator constructed from applying
the eigenvectors extracted from applying the

variational method i’ = Z v;0;
i

Finite volume spectrum = C(1) = Z (0] 0;|a){a] Oj\O)e_Eat

_ | FTT-08 8 oy
Single meson operators: Z e DD...Dy Momentum is quantized o' = — 7’

= L
Meson-meson operators: Z C(Py, P P)hT(ﬁ)h;(ﬁz)

p+p,=P

No interactions

) )
2nn 2N
E=\m12+( L1> +\m22+( L2>




Variational Method

Diagonalize matrix of correlation functions to produce the finite volume spectrum:

C(Ov(r) = A% () C(15)v7 (1)

S *~

N e—Ea(t—to) <O‘OZ‘CM> _ (Via)—l\/@eEato/Q

Use the orthonormality of the eigenvectors to distinguish states, and extract energies from the
principal correlators A1%(¢).



SU(3) Flavor

(ltE
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Lattice QCD

0w
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Comparingto the w7, ¢

Vector states are mixtures of the singlet and octet states

\f \f fﬁ\f \F
W=14/7@ —Wg; P =/ -W —\[/TO
3! 3 S 3! 3 S

Pseudoscalar states have little mixing from SU(3) eigenstates nn ~ ng, " ~ 1,

If we assume excited /™~ have the same quark content as the vector states, we need to know the
result of the octet couplings to find the partial width of the isoscalar resonances to
pseudoscalar-vector final states.

We can still guess what the result of the octet calculation would be by assuming an exact OZI
symmetry.



Comparingto the w7, 7

We first re-write the couplings in the basis of familiar meson states:

1 r K r K r b
17° @ w® = 1) = ﬁ (K+K "+ K K¥—K'K?— KK+ ztp~+ 2 pt —Jropo—nga)g) . g!

1 ) _ 1
17° @ w® — 8) = 1/ K+K + K-RK* — KO0 _ KOKO)—\/;(ﬂ+,0_+7r_,0+—7t0,00—778w8):gS

[’ @ w' — 8) = ngw, = \/7'760+\/7¢ h?

OZl disallowed decays:

¢>I<_> N\/Tl 1_|_ — % — l 8
355 : - )¢

¢Mw,\,\ﬁ : \/Il+_3 _ L 18+_3 3h8
! 3\ 22/ V3® 3 5 V3¢ 3 )V 3

Leads to the constraints:




Comparingto the w7, 7

We write the partial widths as [' = 92 P

M

OZl relations together with a sum over the charged states give us the following partial widths:

I‘(w* i 7rp) _ 3 151 136 (91)2 We attempt to rescale the angular momentum barrier factors:
— £
I‘(w* — KK*) =4 634 (91 ; | kphyS(MphyS) | ‘
* 2 g = C,8,.,8
['(w* = nw) =14% 15(9") k(M) e




Comparingto the w7, 7

Prediction Experiment

['(w3 — 7p) = 62 MeV o670y ~ 168(10) MeV

(w3 — KK*) =2 MeV

[(ws — nw) =1 MeV F(p2 — Ww,KI?*) = 125, 36 MeV
I‘(wg — TP, KI?*,nw) = 365, 36,17 MeV

= tot ['(¢2 - KK*,n¢) = 148,44 MeV ,
[(p3 = KK*) =20 MeV T (1850) ~ 87(25) MeV

[(¢s — 1) = 3 MeV

['(p3 — mw) = 22 MeV [y ~ 30(10) MeV
[(ps > KK*)=2MeV  T*" ~7MeV



Comparingto the w7, 7

Prediction Experiment Prediction Experiment
[(wp = mp) =25 MeV T {1650) ~ 315(35) MeV ['(w, — mp) = 384 MeV
D(wy = KK*)=3MeV 170 84 MeV D(we — KK*) =4 MeV  Du(1a20) ~ 240 MeV
['(wp, = nw) =1 MeV I'(we = nw) =5 MeV Ffu"(tho) ~ 290(120) MeV
T(¢p, — KK*) =13 MeV D(¢a — KK™) =154 MeV Tt o 150(50) MeV
['(¢p — n¢) =5 MeV [(¢y — nw) = 25 MeV

TW tot -~
[(pp — Tw) =9 MeV p(1700) ~ 0 MeV D(py — 7w) = 133 MeV L p(1a50) ~ 400(60) MeV

D(pp — KK*) =3 MeV I ~250(100) MeV  T'(pa = KK*) =9 MeV D(1450) ~ 52 — 78 MeV



Coupled-Channel 77°@»° —
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1

Only 4 levels with large nla) overlap.

Only real difference in fit-1 which features two 171601 parameters.

n

Potentially a small coupling ¢, 1,1 < 0.04 does not change overall width.

Statistical uncertainties onf(}co1 energy levels prevent a proper C.C. analysis with this channel.



C.C.2 ~,n°w® —n'w'

o]’
1 -
Mild changes in the amplitude.
08 |

a,| cpip | ~ 0.07(2) is small and comparable to

0.6 | F-wave coupling.
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Additional singularities

Unphysical sheet real axis pole at\/g ~ 0.23 on many
parameterizations

= wanders a bit and remains far from physical scattering

Additional real axis pole at\/g ~ (.24 for simple phase space
parameterization

= not surprising this parameterization has poorer analytic
properties

= residue Is real, a true p-wave bound state has imaginary
coupling

[)2 f|2

08 |

04

02

1
0.38

|
0.42

|
0.44

0.46

(lf b.cm



Amplitude analytic structure

The full scattering amplitude T(s,t) relates all scattering channels s,t,u- through an analytic
continuation.

s-channel unitarity constrains the “right hand cut” to form 2V¢« Riemann sheets
= built into our parameterizations

Analyticity requires poles off axis real valued poles be on unphysical sheets.
= reject parameterizations that have these

t,u-channel unitarity manifests themselves in the form of a “left hand cut”
= not described but we know where they are

= hope is we remain far enough away



Cross Channels

n°(p1) n°(p3)

wS(pg; S-Channel :w8(p4)

U-Channel

WS(Z?Q) WS(M)

T-Channel



—00 < 5 < (Mys —m

U-channel

0.05 -

n8)2

-0.05

n°(p1) n°(ps)
n°(p1)

; S-Channel : p4)

T-channel circular cut Fp2)  wd(pa)

T-Channel
R = m? 2

mng

ws

| —

0.1 0.2
s > (Mys + mys)?

S-channel

n°(p1)

n®(p3)

U-Channel

P4)



() n(ps)  n°(p) o (0s)
Cuts 7 (p1) 7 (ps)
ws(m; S-Channel :ws(p4) 5o
Stable particles in cross-channels add additional singularities ION o e
T-Channel
0.05+
Stable w! in U-channel
0.1 0.2
/ Right-most part of additional cuts at
Stablef(} in T-channel at\/g = 0.299 compared to threshold of
-0.051 ap/s = 0.3632




Additional Singularities

Physical sheet pole at at\/g = 0.278(26) wrong residue.

= asses this as a “ghost” occurring from improper treatment 02}
of the LHC

O - T T T T T at Fem
0.36 0.38 0.40 042 0.44 0.46

Noisy third unphysical sheet pole lies beyond 036 038 040 042 044 046 048 050 RSF;Z;\/E)
region of constraint a £ ~ 0.46. e | LI ' ' ' '
-0.02 |- wa
= artifact not present in all Bl |
parameterizations E -0.06 -
£ 008}
= could be feeling presence of a hybrid 17~ = o.10}
meson we expect in that region o1l
-0.14 -




Coupled-channel -2 0

7 (8" — s0)(s" — s — 1€)

thr
I . . T ImIl = —p
det[1+ip-t- (1+iM)| =0
More challenging, can no longer just write in terms of a single phase shift.
Solutions follow from K-matrix parameterizations of the amplitude :t7! = K= + 1
2
iPj | Lij
(@ 4@ pibalt
. | 5“8 ; osl
K-matrix real and symmetric Kl-]-(s) = Z 5 | Z SV
: ma = 0.6 EIE e i)
f;ifj_ﬁij\ a p il T T
= guarantees unitarity . .
o KK - KK ' mr — KK
v | | o S I | | a4 Ecm
‘ L 0.14 0.16 0.18 020 022 024
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J.J. Dudek, R. G. Edwards, and D. J. Wilson (Hadron

Spectrum), Phys. Rev. D93, 094506 (2016), 0.2 nn — KK
arXiv:1602.05122 0.1F nn — T
[hep-ph] ‘ l ! l l | l . ] ] O | V,\,._—=Ff —_——— r S nr
T 0.18 019 020 0.21 0.22 0.230 I 0.14 016 0.18 0.20 022 024 1" 1"
24 . sweo . ¢ oo oo sa e .o 't~cm
20 . . . o o . . . o e - eee
10 2 e E ' R. A. Briceno, J. J. Dudek, R. G. Edwards, and D. J. Wilson,

Phys. Rev. D97, 054513 (2018), arXiv:1708.06667 [hep-lat]



Coupled channel with nonzero spin

Orbital and angular momentum couple ® S — J

Can use K-matrix to handle this (ex. 071,17~ scattering in J* =1

K _( {°S11°S1}y {°S11° D1} ) I
1+ = 3Q.13 371,13 0 1
1°S1[°D1y {"D1|° D1} 1| 0.1.2)-
2 | (1,2,3)7
Done in both non-resonant and resonant systems: 3 1(2,3,4)"

"Dynamically-coupled partial-waves in pr isospin-2 scat.’.c.ering from
lattice QCD”- A. Woss, C. Thomas, J. Dudek, R. Edwards, D. Wilson

“The b, resonance in coupled zw, n¢ scattering from lattice QCD”-
A. Woss, C. Thomas, J. Dudek, R. Edwards, D. Wilson

PaPb |teJa,e'Jb‘2
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Channels in SU(3) Flavor

Conventional gg mesons live in either a 3®3 — 1) or octet
(3 ® 3 — 8) representations.

We observe the resonances in the representation of meson-
meson scattering:

8L -1

ISosSpin

- . — - — -

1®1 -1

Charge conjugation in neutral member of the octet | =1 =Y =0)

for8®8 — 1:
é( ‘ 819 C1> ® ‘ 829 C2>) — CICZ( ‘ 819 Cl> ® ‘ 829 C2>)
= channels with C=-: 7°(0"H®*(177), /(0" '(177),7 (0" Hw'(177)

Pseudoscalar Octet

= can’t have identical particles with C=-
z=-1 1z=-1/2 1z=0 1z=1/2 1z=1



Channels

n® 0.1478(1)
w® 0.2154(2)

=t B PPy, [ 105D )

= ’780)8{3})2, 3F2}’ f(%a)l{3D2}a 771601{3P2, 3F2}

J=3: 778@8{3F3},f(}a)1{3D3’ 3G3}, 771601{3F3}
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000] T
F = (1,3,...)"
Three resonances in a single irrep.
" = p{°25,},p{°D,}, p{°D5}
? {,/’}*/ Very dense in energy levels.
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How do we solve this?

(000] B~ 1000] A

il } : { ; Broken rotational symmetry of the lattice causes different
- resonances to be in the same representation.

0.44 | E E il }

1 }E{

042

} Only two systems that isolate a single resonance

0.42

i All other irreps will feature a minimum of TWO resonances

0.40 - E 040 |

3D1,2,3 states are expected to be nearly degenerate.

038 = 038 |

036'— . ! ] : | 036_ 1 1 1 1 |
14 16 18 20 24 ldia] =] R0 24

JV =(2,..)" JV =(3,..)"




Plan of attack

Carry forward with elastic scattering in ;78608

= fit to amplitudes of J=2,3 simultaneously (7, [000], £~[000], A5 [000], B,[001], B,[001])
= fix J=3 amplitude and fit for the J=1 amplitude (77 [000], A,[001], A,[111])

= fit to all amplitudes for J=1,2,3 together



