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The scalar resonances

e What is the nature of a resonance? are these resonances:
- a “standard” bound state of quarks ¢g?
- an “exotic” state: a hadronic molecule, glueball, tetraquark,
etc?
e What is a correct formulation of the question within QFT?

e What are the experimental signatures?
- The observed structure of the resonance spectrum
- Compositeness condition or pole counting criterion
S. Weinberg, D. Morgan and M.R. Pennington, N.A. Torngvist, . ..

e How does one extract the resonance pole position in the
coupled channel 7 — KK and my — KK systems on the lattice?
e Which tools can be applied on the lattice?
- Study of the volume dependence
- Twisted boundary conditions
- Quark mass dependence
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Luscher equation with coupled channels

V. Bernard, M. Lage, U.-G. Meil3ner and AR, JHEP 1101 (2011) 019

f0(980): Two-channel equation with |1|= KK, |2|=n=~

T = Vii+Vippi i 4 Vigipada
T Vo1 + Voripi 111 + VagipaToy

Resonance pole(s) are determined from the secular equation:

1 —ip1 Vi1 — ipaVag — p1p2(Vi1Vas — Vi3) = 0

Finite volume: multi-channel Lischer equation: ip; — ——= Zyo(1, q?)

NCT

= Find V;;(s) from the lattice data: | one equation for V1, Via, Voo

= Find the position of the pole(s) from the secular equation

— Parameterize potentials: eff. range expansion, unitary ChPT

A. Rusetsky, LATTICE 2013, Mainz, 31 July 2013 — p.4



Twisted boundary conditions

P.F. Bedaque, PLB 593 (2004) 82

G.M. de Diviitis, R. Petronzio and N. Tantalo, PLB 595 (2004) 408
G.M. de Diviitis and N. Tantalo, hep-lat/0409154

C.T. Sachrajda and G. Villadoro, PLB 609 (2005) 73

The twisting angle: 6, € (0, 27)
Y (x +nlL) = eineiwi(x) : i=u,d,s
Modification of the zeta-function (take CM frame for simplicity)

1 1
Zoo(1;4%) — Zg(1,¢*) = —== lim ;
Ao s—1 nez3 ((n — 0/27T)2 — q2)

— Take data for every single 6,

= Adjust L and 6, to get the same CM energy

= | Accurate extraction of the resonance parameters from data!
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Full vs partial twisting

C.T. Sachrajda and G. Villadoro, PLB 609 (2005) 73
P.F. Bedagque and J.-W. Chen, PLB 616 (2005) 208

forbidden!

u >

A Y

>
<
<

Y
.
-A

Sy
Sy

&

u > u

A
A

d d

I =2, I3=2: partial twisting = full twisting

allowed

> valence

. cen
e’ ghost

I =1, I3=1: partial twisting # full twisting

» |
» ®|
)

S
S

A. Rusetsky, LATTICE 2013, Mainz, 31 July 2013 — p.6



EFT framework for partial twisting

S.R. Sharpe and N. Shoresh, PRD 64 (2001) 114510

SF — ‘/d43j [&v(@ + mval)wv + &s(lp + msea)ws + &g(p + mgh)wg

Myal = Misea — Migh ,

U = exp{ivV2D/F} U— LUR',

M, MJ, M,
®=| M, Mg M]
MgV Mgs Mgg

2

My = Mg = M F My

L,Re SU(2N|N)

stré =0

F? F, .
L= Iostr (0,U0*UT) — =L str(xU + Ux")-+higher-order terms

4
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The physical basis

e The fields, describing n, n" in various sectors, mix due to str® = 0

e Diagonalization of the kinetic term at O(p?) is achieved by:

1 = Wl/\/i—WQ/\/_—W5/2+w8/2

o = —wi/V2—w2/V6—ws5/2+ ws/2
3 = V6wa/3+ws/V2—wsV?2

ps = —w2/V6+wi/V2+ws/2+ ws/2
5 = —wa/V6—ws/V2+ws/2+ ws/2
b6 = V6wa/3+w3/V2+ws/V2

p7 = —w2/V6+wr/V2+uws

ps = —w2/V6—wr/V2+ws

po = V6wz/3+V2ws

Propagator: D,s =diag (D, D,,—Ds,Dr, Dy, Ds, — D, —D,0)
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Matching to the non-relativistic EFT

T2 x o+ O 400

Top = Vap + Z Vary Gy T3

Y

Loops for different intermediate states (S denotes (5s) meson):

) dik 1 1
KK Gk :/ (2m)d 2wk (k)2 2wk (k) — Po
dek 1 1
™ G = / (2m)? 2wr (k)2wn (k) wr (k) +wny(k) — Po
| o dek 1 1
T T = (2m)? (2wr(k))? 2wx (k) — Py

dek 1 1
™ s Ge= / (2m)¢ 2wr (k)2ws (k) wr (k) + ws (k) — Po
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Choice of the basis

Index | Channel | Quark content

1 ) | =g (uvdy) (uv@y + dudy — 25050))

2 mh) | o [(wdy) (uvty + dvdy + su5y))

3 |k nss) _% |(uvdy) (usis + dsds — 2555s))

4 mdnls) |~ |(uvdh) (usiis + deds + 5555))

5 |7 ge) _% |(uvdy) (ugtig + dgdg — 25g5g))

6 |7T\7b77ég> —% [(uvdy) (uglig + dgdg + sgSg))

7 IKLEQ) | [(uvsy)(svdy))

8 [KERY) | |(wnBs)(ssdv))

9 K K%) | |(unBg)(sgdv))

10 | Jngal) | (= (uvds)(ustiy — dsdy) + (uviis — dyde) (usdy )
11 memog) | 5 (—(uvdg)(ugtiy — dgdy) + (uvtig — dudg)(ugdy))

e Symmetry relations less complicated in this basis

e Free propagator no more diagonal
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Symmetry relations for the  I'-matrix (example)

u u

> >

<

| > <

S S

S

>

< <

d d

t. ta
G77 — <K\9VK\;|\—/|G‘K\;|\—/R\(/)V> =1lc — 14
Gss — <K\95K\;|;|G|K\js_f{\95> =tlc — tqg ~ |

o . m #= m!

Ggg = <Kngvg‘G|Kngvg> = —t. — tg
Grs = Grg =(Ggg = Gg7r = Go7 = Ggg = —1g4

— Relations for the scattering matrix elements:
Igs =a, Tgg=—a+2y, Tzz=179="159=1Yy

+ many more relations. . .
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Reproducing ChPT without sea & ghost sectors

e The symmetries of T' = the symmetries of the potential

e 7w and 7S loops do not contribute to the matrix elements of T"in
the valence sector

Valence sector decouples from unphysical sector:

& = VKR’->KR'7 6:VKK—>7T777 VZVWU—””?
T - @_Gn(a7_62)
KK—-KK — D
b
TKI_(—WT’I] — E
- v —Gkl(ay—p57)
T D
D = (1-Gga)(l-Gyy)—GgGpB

— Known result in the valence sector is reproduced!
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Derivation of the Luscher equation: Scenario 1

Twisting only s-quark: 6,=0,=0, 6, #0
G, — Gy, G, — GE. G, — GE
Gxg — G% (sea), Gx — G2”  (valence, ghost)
In the valence sector:
1 — aG% — Gk + (ay — B2)GEGrL =0
L,o
1—(a—d")G" =0

e Equations are still in the CM frame

e 5" couples valence and sea, ghost sectors
e The first equation does not depend on the parameter 6

— Not interesting ...
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Derivation of the Luscher equation: Scenario 2

Twisting only u-quark: 6, =6,=0, 6, #0
G,— G, G.—-GE', G, —GE, Gk —GY’
In the valence sector:
1— aGfge — ’yGﬁ’e + (ay — 62)G%9G£’9 =0

e Equations are in the moving frame

e Partially twisted LUscher equation is equivalent to the fully
twisted one, despite the presence of the annihilation diagrams

— Interesting!

e Other scenarios possible, can be investigated in a similar fashion
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Effect of the neutral meson mixing

If m £ mg, then n and n’ are not exactly octet and singlet fields!

Transformation matrix between SU(3) and physical bases:

) ~ 0
Aioz — Z AimAma
m=1

Linear relations between 4-point functions:
Z d;iGi; =0, m = m, notassumed!

T matrix obeys same relations as 4-point function even for m # m,
T

0 0
Ti(}n—shell _ Z Aia ng—shell Aﬁj — ZdjiT;}n_She” — 0
af ¥

Same Lippmann-Schwinger equation for m # m;

0 0
T;}n—shell — V;'j + Z sz'nGan;Zj—She” ) Gij — Z(AT>7,_71G’Y <A)’;Jl

Y
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Conclusions

e Lattice possesses unique tools for a detailed study of the
properties of the scalar resonances

e Twisted boundary conditions in the multi-channel scattering
problem: extraction of the near-threshold poles, studying
molecular vs non-molecular nature of the f;(980), aq(980)

e Applying EFT methods in a finite volume, it is possible to derive
the partially twisted Lischer equation even in the presence of
the annihilation diagrams

e In the channel with total isospin I = 1, partial twisting of the light
guarks is equivalent to the full twisting. Partial twisting of the
s-quark has no effect.

e Outlook: apply the method to study I = 0 sector, D K-molecules,
etc
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