Resonances in Lattice QCD

External Review on CCS, 2014/02/19

Naruhito Ishizuka with PACS-CS ,
University of Tsukuba

Results of p meson decay by PACS-CS

14%2H19HKEH



1. Introduction

Now, we can calculate hadron masses
at physical quark mass by lattice QCD.

But, it is only for stable particles ......

Hadron masses at physical quark mass

PACS-CS PRD81(2009)074503
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. for unstable particle (p, K*, A)

energies of ground states
on finite volume are plotted.

These are not resonance masses.

Calculations of resonance mass

and decay width of unstable particles still remain.
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Comment on time correlation function

Calculation of mass of stable particle

O(t) : Heisenberg op. on lattice

(0] O(t) O(to) |0)
Z O‘O‘H o~ Er-(t=to)

H
|H) : energy eigenstate

Ey : energy eigevalue

for t >> tg

~ [(010|Ho)[* o~ Eae=t0

= energy of ground state : E, by exp-fit
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for p meson ( resonance state )

infinite volume  finite volume
( p -> ot by strong interaction )

A TP A
(0] p'( Z\ (O] ple)|? - e 5o .
. multi exp. form with £, € R :
( : same form as for stable particle )
na.\/eexpectat.on .........................................................................
: for unstable particle m, - |
E=M+i'  (MTEeER)
time correlator ~ e Mt . g—ilt
2m. .

: This Is only true E
in infinite volume limit ! continuous discrete
: + discrete(2nd sheet)

Decay width can not be directly obtained
from correlation function on the lattice.
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Approach from momentum space

ex) p meson decay

Lattice calc :
(0] 7(p1) 7(p2) 7(ps) w(pa) [0) ~ sin §(k)e5E)

5(k) — T - 27?7

Wrong !!

Lattice QCD is formulated on the Euclidian space-time.

p; : Euclid mom. on the lattice

6(k) :un-physical

|On
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Is study of resonance from lattice QCD possible ?

Y E S ' We can calculate scattering phase shift
- by finite size method,
and obtain information of resonance from it.

ex) o meson

I ' I ' [

o, /=1 1=1two-pion _ .1 =P existenceof p
150 gc. phase shift 3

m, = T75.7733 MeV
[, =135.5"50 MeV

E

3 1001 -

E

(o P

o

= sl ] This is also possible
- in the lattice QCD !

O ! i ! I ! I !
400 600 800 100(
gt (MeV)
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Finite size method

Ex) for rr system

Lischer CMP105(86)153, NPB354(91)531.

In L x L x L periodic box ( : lattice )

Energy of m:

= /mZ +k?

Energy of rot:

E = 2y/m2 + k2

K2 = (2n/L)?%-n, nel

k2 = 2rn/0L)? - n, néZ (: discrete)

1

ta¢150(k)

nezs3

. SC. phase shift in infinite volume

LUscher’s formula

Szpn—kQ (p,=m-(27)/L)

Energy of two-pion
on the lattice

—

SC. phase shift

o ——> Resonance params.
in infinite volume
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Physical meaning of Luscher’s formula

for 1 dim case

No interacting two-pion

on the lattice A= (2m)/k
< ................. >
—L/2 L/

Interacting two-pion

kL =2m-n (neZ)

phase diff. = SC. phase shift : (k)

kL+o(k)=2r-n (neZ)

on the lattice Y
P >
—L/2 < . s

Interaction region

o(k) : phase shift

|00
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Other possible methods
1. From time correlation function

Extraction the resonance parameter
from a time correlation function by using an effective theory.

: strongly depends on an effective theory.

Recently : model indep. method at L = huge
U.-G. Meissner et.al, NPB846(2011)1

2. From spectrum density v gernard et.al., JHEP 08(2008) 024

Calculations of energies on many lattice volumes

for very higher states are necessary. . impossible in QCD !!

3. From “potential” extracted from BS-function
Solving Shrodinger eq. HAL collaboration 2012

--> existence of resonance

Study of a resonance with these methods
has not been succeeded yet.

IO
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2. Previous works of p meson decay

C

Ny=2 cud  (my=ma) L= Gonr- € pin” 9

Nr=2+1:u,d,8 (myu=mg<myg) exp. : Ypnn = 5.878(22)

m, = 775.5(0.4) MeV
3

2k
r— Jemm %o _ 146.4(1.1) MeV

2
o7 ms

1) CP-PACS PRD76(07)094506.
Ny =2(Wilson), a =021fm, L =2.5fm, m, = 330 MeV
Gprn = 6.25(67)

2) M. Gockeler, R. Horsley, Y. Nakamura et.al. ( QCDSF ) arXiv:0810.5337 (Lat08)
Ny =2 (Wilson), a = 0.072 — 0.084 fm , m, = 240 — 810 MeV
9prm = 5.37715
3) X. Feng, K. Jansen, D.B. Renner (ETMC )  arXiv:0910.4871 (Lat09)
Ny =2(tmQCD), a=0.086fm, L =2.1fm, m, = 391 MeV

Gprn = 6.16(48)
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4) ETM(C Lat10 (arXiv:1011.4288).

PRD83(2011)094505. my = 330 MeV

® CMF

Ny =2(#tmQCD) a=0.0791m s MFI
( Iso-spin sym. is broken : pt # p" ) A sin’(d)=1=>aM,

sin’(d)

L =25fm, m, = 290,330 MeV
L =19tm, m, = 420,480 MeV

exp. : Jorr = 5.878(14) 93 0.35
m, = 775.49(34) MeV

10
Jorm
8_ ]
¥ T
L. i
: <
en EQ
4_ 1
e ETMC 0.8 3
i L3 - .
x PDG data Fit to O(m_)
N | e ETMC
- x PDQG data
| | | | | | | | | | | | |
% 0.05 01 0I5 02 0.6, 0.1 0.7
m_" (GeV") m_~ (GeV’)
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5) C.B. Lang et.al. PRD84(2011)054503. exp. : Ypmr = 5.878(14)
m, = 775.49(34) MeV

Ny =2(Wilson) ¢ =0.124fm

L =2fm, m, = 266 MeV

0.2 T T T T |

S
[

k3 O 5
tan (k) Vs = Gorn (= 5)

(p*3/sl/2) cot O
-

Gprr = H.13(20)
m, = 792(7)(8)) MeV
at m, = 266 MeV

=
.

T 015 02

-
-\
[
-
o
)
S
(O]
-
o
()
)
~
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http://arxiv.org/abs/1105.5636v1
http://arxiv.org/abs/1105.5636v1

2. Results of p meson decay (2009 - 2011 )

PRD84(2011)094505.
Gauge contf. :
Ny =2+1(Wilson) , Iwasaki Gauge action
a=0091fm L —=209fm generated by PACS-CS col.
' ’ ' PRD79(2009)034503.

m, = 300, 410 MeV

Computer : PACS-CS
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Calc. points

We consider 4 irreps. : (0,0,0) Ty, (0,0,1)E, (0,0,1) Ay, (1,1,0) B,
on 3 momentuma frames with P, = (0,0,0),(0,0,1),(1,1,0)

\/— /m,  (ignoring particle int. )

- I—SOOMeV S ground 1st. EX.

i ® ® —~— 4 (1,1,00B; 7(1,1,0)m(0,0,0) p1+2(1,1,0)

L ® ® . 1(0,0,1)A2  7(0,0,1)7(0,0,0) p3(0,0,1)

i ® o 1(0,0,1)E  p1.2(0,0,1) m(1,0,1)m(-1,0,0)
: ® . 1(0,0,00T; r1,2:3(0,0,0) m(0,0,1)m(0,0,—1)
- rlnwlzlzu(l)MleVI I ground 1st. Ex.

i ® ©® e4 (1,1,0) By p142(1,1,0) 7(1,1,0)x(0,0,0)

i @ e 4(0,0,1)As  p3(0,0,1) 7(0,0,1)7(0, 0, 0)

- ® e 4 (0,001)E  p;15(0,0,1) m(1,0,1)m(-1,0,0)

- ® o 1 (0,0,0) Ty p1,2,3(0,0,0) 7(0,0,1)7(0,0, —1)

or 08 09 1.0 11 12 13 14 1.5

14
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Finite size formula

M. Lischer, NPB354(1991)531.
K.Rummainnen and S.Gottlib, NPB450(1995)397.

ETMC, arXiv:1011.5288.

Relation between §(k) and E

Voo for (0,0,0) T,
1 Voo — Vao for (0,0,1)E
tand(k) Voo +2 - Vao for (0,0,1) Ay
Voo — Vao +V6-Vay  for (1,1,0) B
Vim (k: Piot) ! ! —imr /4 Z (15 ¢ d)
m\"; Ftot) = e - Lim (1 q;
l tot G 73/ A 1 l q

\/E2_Pt20t:\/§:2\/m72r+k2

q=kL/(2m) d = P L/(27)

( : Real)
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For (0,0,1) Ay and (1,1,0) B, J3/m,

L = 300MeV
For (0,0,0)T; and (0,0,1)E
. - ® ®
energies of ground state are extracted
from correlation function of p meson - © ©
as usual calculations of hadron masses. i ®
- ®
Energies are extracted by variational method. o
- my = 410 MeV
O1(t) = p(p, t) - .
Oy(t) =7~ (p, )7 (0,t) — 7" (p,t)7 (0,1) i @
for p=(0,0,1), (1,1,0) - ®
- O
Gi(t) = (O](t) 0;(0)) 07 08 08 10

(: 2 x 2 matrix )

Assuming 2 states dominant for t > ¢,

Bv[ G(t) Gl (tg) Jo = e Vot (a=1,2)

W, : energy eigenvalue
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Calc. of G(t)

o KX

e A\ A\
VA

These are calculated

by the stochastic source and the source method.

>
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Results at m, = 410 MeV
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Results at m, = 300 MeV
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Results of SC. phase shift exp. : Jprr = 5.878(14)
m, = 775.49(34) MeV

Ny =2+1(Wilson) a=0.091{m
L=29fm, m, =300, 410 MeV /5 =

0.10 —
0.05 — ]
0.00 E_:::::::::::::::fo:::---
-0.05 — _
-0.10 f— ]
-0.15 —
020 [ ; ;
_0_25:....|....|.£:..|...-':.|....: _0_2-....|....|":....|,""....|....|....|....
0.6 0.7 0.8 0.9 1.0 1.1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
s(GeV?) s(GeV?)
Jorm = 5.51 £ 0.40 Jonm = 5.98 4= 0.96
m, = 892.8 + 5.5 & 13 MeV m, = 863 & 23 + 12 MeV
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3. Comparison with other groups

9) Pelissier et.al.

PRD87(2013)014503.

Ny =2(Wilson) a=0.1255{m
m, = 300 MeV

V =24 x n24 x 48 (n = 1.0, 1.25, 2.0)

3.0F
25}
20}
L5}
Lo}
0.5}

0.0k
0.40

- — =
—_—
= =

effective range -

unitarized yPT

Gprn = 6.67(42)
m, = 827(3)(5) MeV
at m,. = 300 MeV

Y(Eem) /°

0

10) HSC Collaboration
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PRD87(2013)034505.

Ny =2+1(Wilson) a=0.121m
L=19,24,29 fm , m, = 391 MeV

By fmo— W
|_§_|

Breit — Wigner
mpr = 863.5(19)(6) MeV
g = 4.83(13)(2)

2 .3
rp =L L8 _10.1(6)(1) MeV
7_7TZR

AL =29fm
oL =24fm
L =191m

[=2)

800 850 900 950 1000 1050 E.m/ MeV

Gorn = 4.83(13)(2)
m, = 863.5(19)(6) MeV
at m, = 391 MeV
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Comparison

o ETMC o Lang et.al. e Pelissier et.al.
e PACS-CS ¢ HSC

exp. :

Gprn = 5.878(14)
m, = 775.49(34) MeV

9.0 ] 1200 . . .
i Jprm ] my (MGV)
8.0 - i
- 1 1100 " .
7.0 | . l % ?
_ D+ % 1 1000 + .
L expt. [ ] I
6.0 ___p ______ + _______ % ______ g I
: } 1 900 | ; 2
5.0 - # ¢ B - + +
i ] i ¢
4.0 | j 8o © expt. -
30 i R T TN TN A TN TN RN SN SN SN S SN N SN S S S S S S S S i 700 -| ' L ] L 1+ 1 I L I T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 0.30
2
m?2 (GeV?) m; (GeV?)

We find discrepancies.

Precise calc. near physical quark mass and cont. limit needs !!
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Comparison for dim. less values

26 77 T

o - Mp

.

50 I e ETMC |
l o Lang et.al. | |
........ ° ®* PACS-CS
expt
18 IR TR N N TN TN TN NN TN TN TN [N TN S SN AN TR U TN AN TR T SO M S '
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

(To - mW)Q

Discrepancies still remain.
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4. Summary

exp. :
Gpnr = 5.878(22)

We calculate SC. phase shift for /=1 two-pion system. m, = 775.5(0.4) MeV

We evaluate coupling constant
and resonance energy from it.

Our results ;

e Ny;=2+1(Wilson) a =0.091fm
L=291fm, m, =410 MeV

o Ny =2+41(Wilson) a = 0.0911{m
L=29fm, m, =300 MeV

We find :

Discrepancies among lattice calculations

3

2
o7 ms

2
k
r— Jemm Mo 146.4(1.1) MeV

Gprr = .65 £ 0.44
m, = 892.7 £ 5.2 MeV

I') =135 &£ 21 MeV
(assuming : gprr : CODSL. )

Gpmr = 5.95 £ 0.57
m, = 860 & 18 MeV

I') = 150 &£ 28 MeV
(assuming : gprr : const. )

for both resonance mass and effective constant.

Precise calc. near physical quark mass and cont. limit needs !!
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In Feature works :

e We have to study at phys. point.
Toset s~ m,

for m, — 0
m(p)r(—p) with p: larger

Stat. Error. — large

1. We have to improve the operator
of rm with high momentum.

2. How extract energies of
high exicited state ?

3. Other methods ?

e We have to study other resonances.
K*, A
ao, K,0 ....
charm resonance (X, Y, Z... )

many works remain !

V's/my,

1.4

0.6

0.4

1.2
1.0

0.8

for Piot =0
on L =6fm

oooooooo

of rrt at physical point

resonance
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