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Hadronic interactions

One of ultimate goals of Lattice QCD
quantitatively understand properties of hadrons

Current status of lattice QCD
very close to reproduce mass for stable hadrons

Experiment
Many hadrons decay through hadronic interaction,
originating from strong interaction

Next task: hadronic interactions

Decay and scattering
Cannot be treated separately to understand properties of unstable hadrons

finial states of unstable particle — scattering states

More difficult to calculate, but important for the ultimate goal
1



Hadronic interactions

One of ultimate goals of Lattice QCD
quantitatively understand properties of hadrons

Famous hadronic interaction
nuclear force : bind nucleons into nucleus
originate from strong interaction
+ well known in experiment 3

Another ultimate goal of lattice QCD
quantitatively understand formation of nuclei

from first principle of strong interaction
http://www.jicfus.jp/jp/promotion/pr/mj/2014-1/

Review recent results related to scatterings, decays, and light nuclei



I will not cover

e Scattering lengths
I=07nr, I=3/2 Kr, =1 KK, I=1KK, ---

e Scattering phase shifts
=27, I=3/2 Kn, I=1/2 Km, ---

e Charmed scattering and bound states [Plenary:Prelovsek Fri 9:00]

e Decays
T — O
[Talk:Howarth Tue 4B 17:30], [Talk:Wakayama Wed 6B 11:10]
nm — agQ
[Talk:Berlin Wed 6B 11:30], [Talk:Abedel-rehim Wed 6B 11:50]
Nm — N* [Poster:Verduci Tue]
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e Amplitude (transfer matrix) method for resonances
[Talk:Petschlies Thu 7B 14:35]

e Multi-hadron correlation function [Poster:Vachaspati Tue]

e Theoretical development [Plenary:Briceno Tue 11:15]
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Luscher’s finite volume method

Liischer, CMP105:153(1986),NPB354:531(1991)

spinless two-particle elastic scattering in center of mass (CM) frame

Important assumption

1. Two-particle interaction is localized.
— Interaction range R exists.

=0 (r <R)
Vi) { =0 (~e)(r > R)

2. V(r) is not affected by boundary. — R < L/2

< L >
Two-particle wave function ¢p() satisfies Helmholtz equation
(V2 +p2) $p(F) =0inr>R (R<L/2)

+— Klein-Gordon eq. of free two particles

2 2
E = 2\/m2 + p2, p° £ (%ﬁ) in general




Lischer’s finite volume method (cont'd)

Liischer, CMP105:153(1986),NPB354;531(1991)

Helmholtz equation on L3
1. Solution of (V2 +p2)¢p(7?) =0inr>R

et i(2m /L) Lo\ 2
Pp(7) =C- > R <2—p) + integer
VA i —q°

7

2. Expansion by spherical Bessel j;(pr) and Noeman n;(pr) functions
op(7) = Bo(p)no(pr) + ag(@)jolpr) + (1> 4)

3. S-wave Scattering phase shift dg(p) in infinite volume

Bo(p) m3/2g

= | tand —

oo () o) = oL )
N 1 1 __.Eﬁz

ZOO(‘Srq ) - \/ﬂ EZZ:S (_)2 q2)87 q - Lp

Relation between |6(p) and p <E=2\/m2+p2)
008)

Wave function: CP-PACS, PRD70:094504(2005), Sasaki and Ishizuka, PRD78:014511(
Potential: Ishii, Aoki, and Hatsuda, PRL99:022001(2007), ---



Calculation of phase shift in function of p

Liischer's method 6(p) from E = 2\/m2 + p2 in CM frame

Extended to Moving frames |P| %= 0 with m1 = m»

§(pcm) from E2 =4 <m2 + pgm> + P2 Rummukainen and Gottlieb, NPB450:397(1995)
W(P)ﬂ-(o) on lattice Kim, Sachrajda, and Sharpe, NPB727:218(2005)

— w(pcm)m(—=pcm) in CM frame Christ, Kim, and TY, PRD72:114506(2005)
Feng, Jansen, and Renner, PoS(Lattice 2010):104(2010)

Dudek, Edwards, Thomas, PRD86:034031(2012)

Extension of moving frames |P| %= 0 to m1 # mo

2
5(pem) from B = (\/m3 + p2m + \/m3 + pm ) + P2
mixing of even and odd | Fu, PRD85:014506(2012)

Leskovec and Prelovsek, PRD85:114507(2012), Doring et al., EPJA48:114(2012)
Gockeler et al., PRD86:094513(2012) Li and Liu, PRD87:014502(2013)




Scattering length af

tand
ag — lim (p)
p—0 D

I=2n7rad and [ =1/2 Kr ay!?



Scattering length 1

[ = 2 7 Simplest scattering system

Comparison
0 ‘ :

cal calculations
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N=2+1 Fu(2013)
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| Fu PQ(2012)

ASQTAD: same to Fu(2013)
msea = My at PQ lightest data
not only PQ effect

. — other systematic error
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Scattering length 1

[ = 2 7 Simplest scattering system

Comparison of dynamical calculations
0 T T T T .

' ' ' ' ' ¥  Exp E865(2010) T T T I
s 2 Exp NA48/2(2010) I 0.6 —
i % a.m @® N=2 CP-PACS(2004)
01 m =m 0 n A Ni=2+1 MA NPLQCD(2006) | 08 =
. i = A N=2+1 MA NPLQCD(2008) '
§ B - A N=2+1 RBC-UKQCD(2009) || )
i BEg N=2 ETMC(2010) -1 [
02 = ¥ N=2JLOCD(2011) | 2
. % g N,=2+1 NPLQCD(2012) 1.2 a.m ¥ ExpE865(2010)
| § % N=2+1 Had Spec(2012) | L 0 T Exp NA48/2(2010)
E 0 N=2+1 PQFu(2012) A4l @ N=2 CP-PACS(2004)
03 B N=2+1Fu(2013) I . ILOChPTI ¥ A N=2+1 MA NPLQCD(2006) ||
E @ N=2+1 PACS-CS(2014) 16 % A N=2+1 MA NPLQCD(2008)
| i : A N=2+1 RBC-UKQCD(2009)
E B N,=2 ETMC(2010) I
04 - -1.8- w N=2JLaCD(2011) I
& £ L 0 N=2+1 PQFu(2012)
B i oL B N=2+1Fu(2013)
§ | @ N=2+1 PACS-CS(2014)
_05 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 ) | ) | == LO ChPT
0 005 01 015 02 025 03 035 04 -22; 1 5 3 4

m-[GeV’] m /f

O Wilson type; O ASQTAD; A DWF; <] Twisted; sy overlap
MA:DWF on ASQTAD; PQ:partial quenched

NLO ChPT: a3 s 1+ 32 [m2L., + anatic + 1og]
Cagmy = ——— | — — |m;Lrr analytic 0
T By 2 T



Scattering length 1
[ = 2 7 Simplest scattering system
calculations

Comparison of dynamical
0 T T T T .

' ' ' ' s ExpEs65(2010) I
| e 2 Exp NA48/2(2010) 0.6 —
% aom @® N=2 CP-PACS(2004)
oq-"w = T A Nz=2+1 MA NPLQCD(2006) || 08l D= gl B % h
i = A Nz=2+1 MA NPLQCD(2008) :
3 = - A N=2+1 RBC-UKQCD(2009) || % . ;4
1 BHg N=2 ETMC(2010) | i =TT E‘ TEIE T ORAT A
02 w N=2JLQCD(2011) - 2 -
. § g N=2+1 NPLQCD(2012) -1.2F a.m ¥ Exp E865(2010)
§ % N=2+1 Had Spec(2012) 0 T Exp NA48/2(2010)
[0 Ng=2+1 PQFu(2012) A4 @ N=2 CP-PACS(2004)
03k B N=2+1 Fu(2013) ILO ChPTI ¥ A Nz=2+1 MA NPLQCD(2008) ||
E @® N=2+1 PACS-CS(2014) A N=2+1 MA NPLQCD(2008)
-1.6 A N=2+1 RBC-UKQCD(2009) ||
E N,=2 ETMC(2010)
04 - -1.8- w N=2JLaCD(2011)
& £ % [ Nz=2+1PQ Fu(2012)
i ok B N=2+1Fu(2013)
§ @ N=2+1 PACS-CS(2014)
_05 1 | | 1 | 1 | 1 | 1 | 1 | 1 ) | ) | == LO ChPT
0 005 01 015 02 025 03 035 04 =22 1 5 3 4
m’[GeV-] m /f
T T T

O Wilson type; O ASQTAD; A DWF; <] Twisted; sy overlap
MA:DWF on ASQTAD; PQ:partial quenched

vending of PACS-CS(2014) due to chiral symmetry breaking effect

2 2
_ .2 _ Mz 32 2,1 L5 _ coa
Nf = 3 NLO WChPT: aAgMqpy = 87Tf7% [—1 + f_% [mW(L — ?) + analytic + |Og]] — 87-‘-.]"7%

Simultaneous fit with aé for [ =2 7m, I=1 KK, I =3/2,1/2 K«

8-b



Scattering length 1
[ = 2 7 Simplest scattering system
Comparison of dynamical calculations at physical mx

I [ '
l @ # N=2 CP-PACS(2004)
A N,=2+1 MA NPLQCD(2006)
HAH N.=2+1 MA NPLQCD(2008)
—— N,=2 JLQCD(2011)
=] N,=2+1 PQ Fu(2012)
HH N,=2+1 Fu(2013)
HOH N,=2+1 PACS-CS(2014)
e
K , E865(2010) w/ ChPT
E865(2010)
| ‘ | ‘ | ‘ |
-0.05 -0.045 -0.04 -0.035 -0.03
a2m
0 NPLQCD(2012): m,/f. from MA calc.

O Wilson type; O ASQTAD; A DWF; <] Twisted; sy overlap
MA:DWF on ASQTAD: PQ:partial quenched

Sources of systematic error: finite volume effects, Ama, Dwilson:

might able to take weighted average for lattice prediction



Scattering length 1
[ = 2 7 Simplest scattering system
Comparison of dynamlcal calculatlons at phyS|caI Mo

£ N A~y |

hlgh preC|S|on measurements era

o N,=2 JLQCD(2011)

more precise prediction possible in near future

R N=2+T FU(20T3)
HeH N=2+1 PACS-CS(2014)

Talk:Knippschild smaller statlstlcal errors than Ny = 2 case

by factor 2—10 dependmg on my

1 I 1 1 I 1
-0.05 -0.045 -0 04 -0.035 -0.03

aOmn

NPLQCD(2012): m,/fr from MA calc.

O Wilson type; O ASQTAD; A DWF; <] Twisted; sy overlap
MA:DWF on ASQTAD; PQ:partial quenched

N; =2+ 1 Twisted m, = 0.32-0.40[GeV][ Talk:Knippschild Mon 1B 14:35]
Sources of systematic error: finite volume effects, Ama, Dwilson: * -

might able to take weighted average for lattice prediction



Scattering length II
I = 1/2 K rectangle diagram

8 3 BDM(2004) | | | |

c.f. stochastic LapH method:
Morningstar et al., PRD83:114505(2011)

] N=2+1 PQ Fu(2012)

ol | @ NezLangetalo) } | Variational analysis < k expected

non negligible x effect

@ N=2+1 PACS-CS(2014)

T a:)/zm | in large m, in PACS-CS
T

1.5 —

I i ]

1k ; . 1 Fu: possibly systematic errors

. o m i
0.5+ m O . - PACS_CS: Iarge AW”Son

*. ]
O 005 01 o045 o0z 025
m-[GeV’]

O Wilson type; [0 ASQTAD PQ:partial quenched

Fu, PRD85:074501(2012), Lang et al., PRD86:054508(2012), PACS-CS, PRD89:054502(2014)
other works: NPLQCD, PRD74:114503(2006)(indirect), Nagata et al., PRC80:045203(2009)

2 32 2 2
NLO ChPT: aé/Qlu,ﬁK = i;_L;c{Q [2 + F [mmeL/ —+ M _|2_ mKL5 ~+ analytic + Iog]]

HrK — mﬂmK/(mw + mK)

10



Scattering length II

[ = 1/2 K rectangle diagram ©" Stochestic Laphi method

Morningstar et al., PRD83:114505(2011)

8 S BDM(2004) | | | |
2l | @ Noatang etalpora | Variational analysis + k expected
o foerrACoonEY } non negligible x effect
i a(‘)’2 ) in large my; in PACS-CS
1.5? @ |
1 ; . Fu: possibly systematic errors
0.5 ¢ m O o* PACS-CS: Iarge AWiISOﬂ
*eo
% 005 o041 0.15 — 02 025

O Wilson type; [0 ASQTAD PQ:partial quenched

Fu, PRD85:074501(2012), Lang et al., PRD86:054508(2012), PACS-CS, PRD89:054502(2014)
other works: NPLQCD, PRD74:114503(2006)(indirect), Nagata et al., PRC80:045203(2009)

2 32 m2 + m?2
NLO WChPT: o}/, = —FrK [2 + [mﬁmKL’ + = K I.s + analytic + |og”
° 4 fr fic frfx 2
. . coa?  p?
PACS-CS due to chiral symmetry breaking effect T

_47rf7Tme7TmK
Simultaneous fit with a) for =2 7w, I=1 KK, I =3/2,1/2 K7

10-a



Scattering length II
I=1/2 K=
Comparison at physicallmw

—H N,=2+1 MA NPLQCD(2008)
=] N,=2+1 PQ Fu(2012)
—t——— N=2+1 PACS-CS(2014)

0.1 0.15 0.2 0.25 0.3 0.35 0.4

1/2
a0 T
(O Wilson type; 0 ASQTAD; A DWF; MA:DWF on ASQTAD; PQ:partial quenched

NPLQCD, PRD74:114503(2006)(indirect; LEC from a2/? of Kx), Fu, PRD85:074501(2012),

PACS-CS, PRD89:054502(2014)
other works: Nagata et al., PRC80:045203(2009)

more accurate direct calculation is desired
Ny =241 DWF mPWvs, mP"™s on [ = 5.5fm[Talk:Janowski Mon 1B 15:15]

Preliminary result a(l)/Qmﬁ = 0.174(60)

11



Scattering phase shift §(p)

I=17mnr—p, I =1/2 Kn — K*



Phase shift I
I =1 P-wave mm — p

1. 2. 3. 4. 5. 6.
LIP|/2n | 1 0,1,v/2 | 0,1,v/2 | 0,1%2,v/2 0* | 0,12,4/23,1/32,2
Nrmom 2 5—6 5 6 6 29
m.[MeV] | 320 | 290-480 | 270 | 410, 300 | 300 390
my L 42| > 3.7 2.7 6.0, 4.4 | > 4.6 > 3.8

* asymmetric lattice L? x nL, n = 1,1.25,2
1. CP-PACS, PRD76:094506(2007), 2. ETMC, PRD83:094505(2011),
3. Lang et al., PRD84:054503(2011), 4. PACS-CS, PRD84:094505(2011),
5. Pelissier et al., PRD87:014503(2013), 6. Hadron Spectrum, PRD87:034505(2013)
other works:QCDSF, PoS(LATTICE 2008)136, BMW, PoS(Lattice 2010)139

180 o ey el . QU§—‘ HH
160} E Breit-Wigner form fit
3

140+ P o 2
o ol Breit — Wigner [ Cot 5(p) — Q—(mp - S)
= mp = 863.5(19)(6) MeV \/g 9ormm
& 100f g =4.83(13)(2) P 2
ZJE 80+ rfg%?:m»l(@(l)l\mv S = Ecm

60

401

— 2
I_P T

— m
2 9
ms o

20F

pp_

3 2 2
Pp 9pnm 2 _ Mp
4

0

800 850 900 950 1000 1050 Eem / MeV
Hadron Spectrum, PRD87:034505(2013)
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Phase shift I
I =1 P-wave mm — p

1. 2. 3. 4. 5. 6.
LIP|/2n | 1 0,1,v/2 | 0,1,v/2 | 0,1%2,v/2 0* | 0,12,4/23,1/322
Nrmom 2 5—6 5 6 6 29
m;[MeV] | 320 | 290-480 | 270 | 410, 300 | 300 390
M L 42| > 3.7 2.7 6.0, 4.4 | > 4.6 > 3.8

* asymmetric lattice L2 x nL, n =1,1.25,2

1. CP-PACS, PRD76:094506(2007), 2. ETMC, PRD83:094505(2011),
3. Lang et al., PRD84:054503(2011), 4. PACS-CS, PRD84:094505(2011),
5. Pelissier et al., PRD87:014503(2013), 6. Hadron Spectrum, PRD87:034505(2013)

200
180
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140
120
100
T80
60
40
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0

other works:QCDSF, PoS(LATTICE 2008)136, BMW, PoS(Lattice 2010)139

0.10

1
0.15

a,Ecm
[Talk:Fahy Mon 1B 14:15]

Preliminary results

1. [Talk:Fahy Mon 1B 14:15]

m. ~ 0.24 GeV at m,.L = 4.4
Gporr = 4.3(1.6)

arm, = 0.1355(19) — m, ~ 0.79 GeV
2. [Talk:Metivet Mon 1B 14:55]
5 data: my; ~ 0.135-0.3 GeV at m;L>4




Phase shift I
I =1 P-wave m — p

I ' I ' I I
0
1.1 T
m [GeV g
p[ ] * & pITT |
1 ; | + :
0.9 A - %
i ¥ Experiment ¥ Experiment
0.8 * @ =2 CP-PACS(2007) @ =2 CP-PACS(2007)
4 B N=2ETMC(2011) I B N=2ETMC(2011) I
0.7 € Ng=2Llangetal.(2011) revised € N=2Llangetal.(2011) revised
. A N=2+1PACS-CS(2011) A N=2+1PACS-CS(2011)
< N=2Pelissier et al.(2013) I 3L < N=2Pelissier et al.(2013)
N,=2+1 Had Spec(2013) N,=2+1 Had Spec(2013)
O 6 I ‘ I ‘ I ‘ f I ‘ I ‘ I ‘ f
] 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25

m *[GeV?] m *[GeV?]

open symbol: lattice dispersion relation
CP-PACS, PRD76:094506(2007), ETMC, PRD83:094505(2011), Lang et al., PRD84:054503(2011),
PACS-CS, PRD84:094505(2011), Pelissier et al., PRD87:014503(2013),

Hadron Spectrum, PRD87:034505(2013)
others [Talk:Fahy Mon 1B 14:15] [Talk:Metivet Mon 1B 14:55]

mp SCattered, but depends on scale setting quantities

13



Phase shift I

I =1 P-wave mm — p

T T T T T T T T T I I
1.1 i
- m[GeV] | 9 |
[ . : 1 ;b
B | } f
0.9+ * £ —
¥ Experiment ¥ Experiment
0.8 F' @ =2 CP-PACS(2007) @ =2 CP-PACS(2007)
B N=2ETMC(2011) | B N=2ETMC(2011) |
€ Ng=2Llangetal.(2011) revised € N=2Llangetal.(2011) revised
0.7 A N=2+1PACS-CS(2011) A N=2+1PACS-CS(2011)
< N=2Pelissier et al.(2013) < N=2Pelissier et al.(2013)
‘ ‘ ‘ N=2+1 Had Spec(2013) ‘ ‘ ‘ N=2+1 Had Spec(2013)
O'60 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25

m “[GeV?] m “[GeV?]
open symbol: lattice dispersion relation
scale fixed by rg = 0.47 fm

CP-PACS, PRD76:094506(2007), ETMC, PRD83:094505(2011), Lang et al., PRD84:054503(2011),
PACS-CS, PRD84:094505(2011), Pelissier et al., PRD87:014503(2013),
Hadron Spectrum, PRD87:034505(2013)

others [Talk:Fahy Mon 1B 14:15] [Talk:Metivet Mon 1B 14:55]

Lang et al.: small m, — finite volume effect
Hadron Spectrum: small m, — uncertainty of scale determination
small gorr — need to check systematic error
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Phase shift II
I =1/2 P-wave K7 — K*

"fJ" - | Breit-Wigner form fit of sin2§(p)
Ny=2+41ASQTAD
L|P|/2m =1 (irrep Aq)
assume 0g =0
L = 3fm @ my; = 0.24GeV
Fu and Fu, PRD86:094507(2012)

1078

sin®s,

10-8 = §

1074

1078 L

mixing of even and odd [ in Moving frames Fu, PRD85:014506(2012)
Leskovec and Prelovsek, PRD85:114507(2012), Doring et al., EPJA48:114(2012)
GoOckeler et al., PRD86:094513(2012) Li and Liu, PRD87:014502(2013)

L|P|/2m =1 (irrep A1, &2 = 0): E(p) — §=o(p) and é;—1(p)
do(p) is not negligible in experiment
Systematic errors should be estimated.

— 09 # 0 neglected
— other taste scatterings, ngcKgc, -+, than 5Ky
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Phase shift II

I =1/2 P-wave Km — K*
3

Breit-Wigner form fit of P ot o(p)
NE

0 IN T
. N\
N\
N\

-0.003

3. Vs

> -0.006

/

con
*

-0.009

p cot

{
Rl

AN

-0.012

I
7 1

-/

) | |
0015 0.31 0.32 0.33

S
Ny =2 clover: L|P|/2r = 0,1,v2, choose irreps where [ > 1
— L=19fm © m; = 0.27 GeV Prelovsek et al., PRD88:054508(2013)
— 4 data in resonance region
_ exp  _ _
— no data in mg+ < Ex(pem) + Ex(pcm)

.O
3%}
~
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Phase shift II
I =1/2 P-wave Km — K*
Breit-Wigner form fit

0.02+

0.01

p>cot 6y / GeV?

-001 +

-0.02 1 x?/Naor = 0.54

90 90 930 940 950 960 E/cl\maev
Ny =241 aniso. clover: L|P|/2r =0,1,v2,V/3,2
take care of mixing of [ =0,1,2
— 19 data near threshold m; + mg [Talk:Wilson Mon 1B 15:35]
— mx < mg + mp: bound state Hadron Spectrum, arXiv:1406.4158

expect calculation at realistic kinematics within a few years
16



Phase shift III
I =1/2 Krm S-wave and D-wave

+
180 | (a) 0 ﬂ-K (C) 2+
180 |
K
150 |- 150 |
120 | 1o L
50 90 5 00 L
B 2
60 0 L
30 |
30
0 O
-30 UK 0 n
) I I I cm L T T T T E
1000 1200 1400 1600 cm
o o o @ o wees oo pooeo o043 MeV 1000 1200 1400 1600
n R TR S LMo 0 /MeV
: . - 20
1000 1200 1400 1600 . 16°
1.0 : —_— . 1000 1200 1400 1600
1.0 T O— T T
09
n 09
0.8

0.8

07 F x%/Ngos = 0.88
X / dof 0.7 X2/Ndof — 131

Ny =241 aniso. clover: L|P|/2r =0,1,v/2,v/3,2, choose irreps
— K=, Kn coupled channel analysis [Talk:Wilson Mon 1B 15:35]
— 5K7T, 5K771 (] inelasticity Hadron Spectrum, arXiv:1406.4158
—mg < Mg+ mg
— resonances corresponding to Kj(K3) in I = 0(2)
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Comparison with HALQCD method



HALQCD method
Definition of potential
Ishii, Aoki, and Hatsuda, PRL99:022001(2007), Aoki, Hatsuda, and Ishii, PTP123:89(2010)

Nambu-Bethe-Salpeter (NBS) wave function for NN
¢n(7) = D (O|N(Z + F)N(Z)|NN, W)

—

i

2 2
(V_ p_n> dn (7)) = /dST/U(ﬁ ) on(7) where Wy, = 2\/m]2\, —I—p%
my my

NN 4-point function
CyN (7 t) =Y (OIN(Z 4+ 7, )N (&, )NN(0)|0) = > Angn(7)eVn!
n

—

X
Define UNN(’F, t) = Cyn (T, t)eszt

2 2

HALQCD, PLB712:437(2012)

my 4mN 8152 at

Assume U(7,7) = V(A7 —7) + O(VQ)
2 a —
(2 + 52— §) Oun(it)

V(7)) = —
CNN(T7t)
— less sensitive to t than Cyn(7,t) at t > 1

18



HALQCD method

Strategy
— fit V(r) with continuous functions, like Yukawa function

— solve Shrodinger equation to calculate 6(p) in any p

Assumptions
1. U7 7)) =V (7 —7)+ 0(V?2) — small energy dependence of V(7)
one small p: Murano et al., PTP125:1225(2011)
2. V(r) in infinite volume, if small finite volume effect of V(r)
volume dependence at heavy msg: HALQCD, PRL106:162002(2011)
3. V(¥) depends on sink operator of Cypn(7,t), but §(p) does not
c.f. operator dependence of V(¥) in SU(2) QCD
Takahashi et al.,, PRD82:094506(2010)
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HALQCD method

Nf = 0@m; = 0.53GeV 1shii, Aoki, and Hatsuda, PRL99:022001(2007)

HALQCD phenomenological
30— 77T
L 100 ——————————————— [ 1 ]
600 r A ;1:,80 : ] : S, channel :
500 z;" ® 50 _ o OPES ' 200_— __
400 ' dg - Z% ; repulsive 2n - -
%

I
= |
[0} _
2100_ core 0,w, O | _
= i I
o I
> I

V(1) [MeV]

| CD Bonn
Reid93
-100 - AV18 .
0 0.5 1 1.5 2 2.5

r [fm]

repulsive core + one-pion exchange potential
— Qualitatively consistent with phenomenological potential
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HALQCD method
their works

— Energy dependence of V(7) Murano et al., PTP125:1225(2011)

— LS force in odd parity sectors HALQCD, PoS(LATTICE 2013)234, 235
— Hyperon potentials HALQCD, PoS(LATTICE 2013)233

— charmed meson potentials HALQCD, PoS(LATTICE 2013)261

— spin-2 S-wave N2 dibaryon HALQCD, arXiv:1403.7284

180 fr

100

I | —AEng =19(5) (13) MeV
ayg = —1.28(13) (12) fm
of Mg | ryo = 0.499(26) (22) fm

d [deg]

V() [MeV]

H ]
HHHHiEEHHHHH}HHHHHHH

it f L L L L L
-800 - - - - - : : 0 50 100 150 200 250 300 350
E. . [MeV]

— Q- potential HALQCD, PoS(LATTICE 2013)232 [Talk:Yamada Thu 7B 15:35]
c.f. ag = —0.16(22) fm @ m; = 0.39 GeV, Buchoff et al., PRD85:094511(2012)

— three-nucleon force HALQCD, PTP127:723(2012)
quark mass dependence of three-nucleon force [Talk:Doi Thu 7B 15:55]
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Comparison with HALQCD
I =2 7w

-05

%/m_[GeV]

aJ‘ETI:

-2.5

-15

Ry —e—i
10 - Eg e
3 V(r)[MeV]
3 |
=
S
2 -
0 3
0‘.5 ‘1 1‘.5 ‘2 2‘.5 3 3:.5
r [fm]
CP-PACS 2002 (a=0.102 fm, L=3.3 fm) ——
potential (a=0.115 fm, L=3.7 fm) —e—
Luscher (a=0.115 fm, L=3.7 fm) ———
XPT —e—
i
I
-!
b
0 0.2 0.4 0.6 0.8 1
m_2[GeV?]

method

Kurth

et al., JHEP012:015(2013)

o & A D o
T T T

= 101 V=(1.84 fm)® —=—i
Ao b V=(2.76 fm)® —a—1
V=(3.7 fm)® +—=—
14 | V=(5.5 fm)® —=—
18 m, = 0.94[GeV] —
_20 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
EculMeV]

Red line from HALQCD method

symbols

from Luscher's method

d(p) at small p @ m, = 0.94 GeV

ag/my ©

my = 0.94, 0.50, 0.33 GeV

Quantitative agreement
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H dibaryon (bound state) AEy = mpy — 2mp
NPLQCD Ny = 3@m, = 0.8GeV

0.10

0.05}f

=
O

-0.05}

-0.10

0

.40 |

-120
-160 -

_200 L - L
0.0 0.5 1.0 1.5 2.0 25

m-[GeV’]

AEST() 1
. | W 3
.0...o§§%+T‘ g
1o 20
t/b
0 "' | e NPLQCDN=2+1V_
AE, [MeV] |= NPLACDN=3V,,
H = HALQCD Ns=3
20
b .
-60 _
80 ; -
0 O‘.5 | 0.‘75 | ‘1 | 1.‘25 |

1.5

HALQCD N; =3

40 1

v

-80

Mps = 1171 [MeV] v 1

.....
Mps =672 [MeV] o
Mps = 469 [MeV] —a—

r [fm]

NPLQCD, PRL106:162001(2011)

PRD87:034506(2013)

HALQCD, PRL106:162002(2011)
NPASS81:28(2012)

black:
Lischer's method (L3 — o)
red: HALQCD method

Qualitative agreement: existence of H dibaryon
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H dibaryon

Mainz group [Talk:Green Wed 6B 12:30]
1.60 1.20
2mp e = 2mp e
1556 + ¢ single operator —e— - 1.15 - single operator i—e—
: 2 x 2 GEVP .. 4x4 GEVP i
1.50 | . 1.10 - |
145 . . 1.05 | . * .
S 140 %i? % 100 ‘ %%*i WH}
40 - * - g 1.00 | . -
5 . T 5 . 3 .
mo I e RRSSSIS R NSE
|
1.30 . 0.90 L |
1.25 my =1 GeV 7 0.85 |- my; = 451 MeV 7
1.20 ‘ ‘ ‘ 0.80 ‘ ‘ ‘
0 5 10 15 20 0 5 10 15 20
t/a t/a

update from Latl3 poS(LATTICE 2013)440 UuSing several improvements

several local (smeared) six-quark operators with variational method
No signal of H dibaryon Eg > 2mp

Important to check: variational method including two-baryon operators
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NN channels with Luscher's method

Current status from Luscher's method

0 04 : r :; L * experiment O 04 : L & Fukugitaetal. N=0
| Fukugita et al. N =0 | 1 W NPLQCD N=2+1 MA
: AE( S 1) [GeV] <.> NPLQCD N‘:2+fl Ma ] i : AE( S 0) [GeV] |o racscsn=ov,,
| - O PACS-CSN=0V,_ " B NPLQCDN=2+1V,
0.02f B NPLQCDN=2+1V, 0.02F W NPLQCDN=3V,
: | B NPLQCDN=3V_ L : * @ TYctalN=2+1V
I @ TYetalN=2+1V, ¢ I @ TYetal N=2+1 VO
| @ TYetal N=2+1 VO™ |
I I
T

1Y71) R ) e
¥ 1 T
: : :{E- o

-0.02 -0.02

—H——
e
=
HEH O

|

|

|

|

|

|

|

l

A N
0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
m’[GeV’] m’[GeV’]

.I....I....I....- _0.04- | I T '

o__________

-0.04

TY et al., preliminary result@m, = 0.3GeV with 2 volumes
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NN channels with Luscher’'s method

Current status from Luscher’'s method

TY etal. N=2+1 Vi
o0

0.04 | : L ;, L ¥ experiment 1 0.04 | : L Fukugita et al. N,=0
| Fukugita et al. N =0 | NPLQCD N =2+1 MA
| AE( S 1) [GGV] NPLSCD Nf:2+fl MA ] [ AE(IS ) [GeV] QO PACS-CS NZ:O Vo,
B O PACSCSN=OV, 1] B 0 B NPLQCDN=241V,,
0.02F B NPLQCDN=2+1V, H 0.02F B NPLQCDN=3V,
A : B NPLQCDN=3V_ L : @ TYctal N2V, l
- @ TYetalN=2+1V _ | - @ TYeral N2el VT
| hd |

O____________

0.00ffg--==FJ---------------=====------1 0.00fF-==F=F----===+—==------oooo
B [ |* ] B [ ]
i ﬁ . o) ] i é E b @ ]

-0.02F é - -0.02

P T T A PR R B
0.2 04 0.6 0.8 -0.04 0.2 04 0.6 0.8

m’[GeV"’] m’[GeV"’]

O__________

-0.04

TY et al., preliminary result@m, = 0.3GeV with 2 volumes
L3 — co: existence of bound states in 3S; and 1S
inconsistent with experiment due to larger mx
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NN channels with Luscher's method

Current status from Luscher’'s method
004rr————T———T1— 0.04

* experiment

AE(3S 1) [GCV] Fukugita et al. N;=0 I

NPLQCD N=2+1 MA ||

L Fukugita et al. N;=0
NPLQCD N=2+1 MA
PACS-CSN=0 V
NPLQCD N=2+1V

O
PACS-CS N=0 V i [ |
f 00
B NPLQCDN=3V,
o
([

@)

B NPLQCDNz2+1V A 0.02F
B NPLQCDN=3V, -~ H :
@ TYetalN=2+1V |
®

TY etal. N=2+1 V,
o0

TY etal. N=2+1 Voo™
o0

|

|

N
0.02} |
i

|

|

|

TY etal. N=2+1 Vi
o0

0.00f4g—=--F-----—=--mm-—-cmmmmmmm=oon 0.00f1---F-J---——-=dm—mm—mm o m o
o -|* ] o -| ]
i ﬁ . o) ] i é E b @ ]

-0-02: é - -0.02:-

| |

| |

| |

| |

| |

| |

| |

| |

| |

| b M|

| I R T PR S S T R T R S SR I S S S | I R T PR S S T R T T T PR S R
0 0.2 04 0.6 0.8 0.04 0 0.2 04 0.6 0.8
m’[GeV"’] m’[GeV"’]

-0.04

TY et al., preliminary result@m, = 0.3GeV with 2 volumes
L3 — co: existence of bound states in 3S; and 1S
inconsistent with experiment due to larger mx

ag < 0 ©® my = 0.8 GeV — bound state in each channel
c.f. Sasaki and TY, PRD74:114507(2006)

PACS-CS, N; = 0* | NPLQCD, N; =3
ag*[fm] | —1.05(24) (65) —1.82(13) (1%
ag°[fm] —1.62(24) (;3) —2.33(19) (3¢

* from L = 6.1 fm PACS-CS, PRD84:054506(2011)
NPLQCD, PRD87:034506(2013)
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NN channels with HALQCD method

HALQCD, Ny =2+ 1 my = 0.41,0.57,0.70 GeV

PoS(CD12):025

4500 ; 3500 T 20 ?
2222 ' 80 T TR 00 Op—r——mmer T ] | e e
— 3000 [+ o0 1’.% 500 Moy s 200 o0 f * 3
‘E,’):’ 2000 ‘ 0 , mv,) 1500 . 0 , (:,'3‘ | .",-:..
i’ 150 20l % 000 | 20} Goeof ‘
) 777777 “ \ o 05 1 15 2 25”” 0 ,,,,,,,, ¥ 0 05 1 15 2 2,5,,,,_ 120 . m g%m \\; ]
500 b : : : 500 L : : : : : 140 L . : =700 MeY v,
0 0.5 1 15 2 2.5 0 0.5 1 1.5 2 2.5 0 0.5 1 1 5 2 2.5
r[fm] r [fm] r [fm]
= MeV —e— -
o b mpé?:émég% No bound states
o ‘ in both 3S; and 1S
5 s} H{ W inconsistent with experiment
s Lo _fﬂ _____________ %}MH S due to larger my
z g
HHHH; 1 Qualitative difference
1o L . . . . s . ,
10 0 50 100 150 200 250 300 from LUSCher S methOd
E o [MeV]
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Uncertainty of Luscher’'s method

TY et al. and NPLQCD
Liischer's method ~ AE of Oth state and L3 — oo
— Ssame as traditional method to obtain hadron mass

current study: smeared quark field + Cyn(t)/(Cn(t))? in large t
AFE(t) from + to — — plateau — large statistical fluctuation

TY etal, Ny =241 m;=0.5 GeV NPLQCD, Ny =3 m; = 0.8 GeV
0.015 [ _ 0.10

e s o
().01E o 1 E 0.05} .
0.005f =) ]
(=] E 0 ° ®
- N L2 ® 200
T, ° IEEFTER
0005 o % ‘{) : -0.05}
5 @j{» |
001 . ~0.10 . . . .
E)"':xlllzlslt"llz"'féu 20 4 8 12 16 20
t/b
PRD862074514(2012) PRD87ZO34506(2013)

e Oth state energy from variational method

27



Uncertainty of Luscher’'s method

TY et al. and NPLQCD

Liischer's method ~ AE of Oth state and L3 — oo
— Ssame as traditional method to obtain hadron mass

e Oth state energy from
0.04

variational method

AEC’S ) [GeV]

%

0.02f

eenmmO

experiment

Fukugita et al. N=0 I
NPLQCD N=2+1 MA |}
PACS-CSN=0V_ |
NPLQCDN=2+1V 1
NPLQCDN=3V_
TY et al. Nf=2+1 VoU .

TY etal. N=2+1 Vi
00

000 tg-=-==J--------------========== -7

IEEEL
-0.02F

-0.04

m’[GeV"’]

e 2.90 difference of AE at myz = 0.8 GeV (N; =0 and Ny

NP B
04

0.8

0.04

0.02

0.00
-0.02

-0.04

e Investigation of m; dependence
Bound state in 1Sy vanishes at physical m,?

AE('S,) [GeV]

Fukugita et al. N;=0
NPLQCD N=2+1 MA
PACS-CSN=0 V
NPLQCD N=2+1V
NPLQCDN=3V,
TY etal. N=2+1V
TY etal. N=2+1 Voo™

m’[GeV"’]

e
04
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Uncertainty of HALQCD method

HALQCD
Need to test validity of method

— I = 2 7w quantitatively ok < only 7w and V(r) > 0 in all r
c.f. reasonable fit with pcotd(p) = 1/ag Had. Spec., PRD86:034031(2012)

— Existence of H dibaryon: qualitatively ok < V(r) <0 in all r
Agreements in simple systems (insensitive to V(r) at small r)

I =2 nr H dibaryon NN
| | 40 ; ; ; ‘ 4500 p . -
R V(1) !
R 4000 f?
0 : 80
3500 f¢ : gl m, =411 MeV
: 60 F % m. =570 MeV
a0l — 3000 f* Py m,=700 MeV
= 2 i b ¥
_ > S 2500 F: : i
> — : L
: 2 80 & 2000 [ ° L
s s - e
-120 | Mps=1171 [MeV] =+ 1 5 1500 L
= 1000 f o
Mps = 837 [MeV] «-a-— A
-160 4 L o
Mys =672 [MeV] - 500
— i Mys = 469 [MeV] —=— 0
-200 il I L L :
] ) ) 0.0 05 1.0 1.5 2.0 25 -500 .
r [fm] r [fmi] 0 0.5 1 1.5 2 25
r [fm]

— NN channels: qualitative difference
complex V(r) — positive and negative V(r) depending on r
Important to study uncertainties of V(r)
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Uncertainty of HALQCD method

HALQCD
— NN channels: qualitative difference

Possible uncertainties
1. Uncertainties of V(r) in middle—large r

4000 [

important for physical quantity in p ~ 0O

3500

V(r) ~ 0 — large relative error 2000 |
Statistics = 2500
HALQCD ~ 12000mease@m, = 0.4GeV 5 oof
NPLQCD 150000meas@m, = 0.8GeV £ o0}

TY et al. 40000meas@m, = 0.5GeV 500 |
meas = Nconfr X Nsrc

40 f

60 F

20

lattice —— | ]
Veito
VC10 n -
OPEP ——
T2

-500

0.5

r [fm]

HALQCD, PoS(CD12)025
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Uncertainty of HALQCD method

HALQCD
— NN channels: qualitative difference

Possible uncertainties

1. Uncertainties of V(r) in middle—large r

Statistics

2. Uncertainties of V(r) in small r

important for physical quantity in large p and also bound state

Finite a effect: affect large p HALQCD, PoS(LATTICE 2013)226
Sink operator dependence: su(2) QCD, Takahashi et al., PRD82:094506(2010)

r— 1. 1. T 1 T 1T 1T T 7T 1T T T T T T T T T | 1
0.5 i i . _ i -
i point sink ] 0.5 smeared sink ]
0.4 ]
N 0-0k=0.1350 o 047 = 7]
8 r G-8 =0.1400 i} 8 F B820 1400 i
>~ 0.3F -0 =0.1450 - > 0.3F 60 k=0.1450 =
s | 4-4=0.1500 . s | A-Ak=0.1500 -
E 0.2 — g 0.2 _|
s - 5t .
% o1k . % 04 .
(0] oF—
. Ly ] ) B
relative distance [lattice unit] relative distance [lattice unit]

large r insensitive, but small r sensitive to operator
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Uncertainty of HALQCD method

HALQCD
— NN channels: qualitative difference

Possible uncertainties

1. Uncertainties of V(r) in middle—large r

Statistics

2. Uncertainties of V(r) in small r

Finite a effect: affect large p HALQCD, PoS(LATTICE 2013)226

Sink operator dependence: su(2) QCD, Takahashi et al., PRD82:094506(2010)
3. Uncertainties of my

Statistics and systematic — constant shift of V(r)

2 o .
WY—N — m) Cnn(7,1)

Cyn(7,t)

V(7)) ~ (

— 2h7lpJ

necessary detail investigation of uncertainties
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Light nuclel



Light nuclei 3He and “He

First calculation of 3He and “He pacs-cs, PRDS81:111504(R)(2010)

NPLQCD, PRD87:034506(2013), TY et al., PRD86:074514(2012) and preliminary result@m, = 0.3GeV
L DL L L L L L L L DL L L L ot

0.00-J:'————————————————————g ——————————— 0.00_":'“‘:———————————————————————————-_
[ 1% AE( He) [GeV] | i % T i :
00l 3 1 004! ? I ]
0021 ¢ _ | .
| F o 4
[ : ] -0.08f ! -
- - | n - | experiment h
0 .04 | : * experiment i - : é PAPCS—CS N=0V % i
O PACS-CSN=0V__ 0.12F =0 Ve i
B m NPLQCDN=3V_ I F W NPLQCDNS3V,, 1
0.06 [ 1 @ TYctalN=2+1V i [ ! ® el N Ve ]
o 5 : @® TYetal N=2+1 V:;"St '016 B : @ TYetal N=2+1 v h
|| F | 4 4
[ ! ] | AE( He) [GeV]
1 N TP R B ) 1 N TP P B
-0.08 0 0.2 04 0.6 0.8 020 0 0.2 04 0.6 0.8
m_[GeV’] m_[GeV’]

L3 — oo results only
Light nuclei likely formed in 0.3 GeV < my; < 0.8 GeV
Same order of AFE to experiments

A = 2,3 states in J =1 bound in N; =2 SU(2) gauge theory
[Talk:Detmold Fri 8C 14:15] arxiv:1406.4116
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Light nuclei 3He and “He

First calculation of 3He and “He pacs-cs, PRD81:111504(R)(2010)

NPLQCD, PRD87:034506(2013), TY et al., PRD86:074514(2012) and preliminary result@m, = 0.3GeV
| I R L R R L R R R L R L R L L A L

U e .00 -~ - --T-o Sl Tl Tt T
[ 1% AE( He) [GeV] | i % T i :
R 5 1 -0.04f! I ]
0.02f E - » -
L | - | |
| F .
[ : ] -0.08F ! .
-0.04F : ¥ experiment - : : ¥ experiment :
| . | O PACS-CSN=0V
1 O PACSCSNZOV,, { -0.12F, B NPLQCDN=3 V.. 7]
= W NPLQED NV, . [ | @ TYctal Nf=f2+1 \n;io
-0.06f : b Vggnst B [ : ® TYetal N=2+1 VO™ 1
L | ® TYetal N=2+1V _016 - f 00 _
L I F | 4 J
[ i 1 1 1 ] i 1 1 AE( Hel) [GeV]
-0.085 02 04 0.6 08 0207 02 04 0.6 0.8
m’[GeV’] m’[GeV’]

L3 — oo results only
Light nuclei likely formed in 0.3 GeV < my; < 0.8 GeV
Same order of AFE to experiments — relatively easier than NN
large |AE| less V dependence

touchstone of quantitative understanding of nuclei from lattice QCD
Investigations of m, dependence — m;y = 0.14 GeV @ L ~ 10 fm
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Summary

Hadronic interactions
important to understand properties of hadrons and nuclei

various studies for hadronic scattering and decays
new ideas to overcome difficulties
exploratory study — precise measurement

comparison between Luscher's method and HALQCD method
calculations with Luscher’'s method need variational analysis
HALQCD method works well in I =2 nrr
— useful to calculate 6(p) in this channel
still need to comparison in NN channel
— investigation of uncertainties of V()

calculation of light nuclei (3He and “He)
might be relatively easier than NN — touchstone of nuclei calculation
my dependence - my = 0.14 GeV @ L ~ 10 fm
precise measurement: m, = m,y, EM effects,
and also property of single nucleon, e.g. g4 and form factors
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Calculation of two-particle bound state

condition of bound state through 6(p) (pole of S matrix)
pcoté(p) = —y at p* = —y%,  p*=mj/4—m?

finite volume correction of binding energy

V7 2
AE;, = AE Zexp( YLVii?) CAE=my—2m e~ —
Vn

—

my
n
Beane et al., PLB585:106(2004), Sasaki and TY, PRD74:114507(2006)

Proble'm'to' @o!en't'if'y bqgnq's'tate on finite volume
' AE[, = Eo(L) —

: { Bound state
| AB,=AE+0(e ) <o

- ibound atractive ] Attractive scattering state
- . AEr =0 (- ) <0 (ap>0
E 1 1 1 1 E L ML3 ( 0 )
0 2005  4c-05 '3'6e-05' T 8e-05 00001

1L necessary to take L3 — oo
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Scattering length III

I =0 mm D, C, R, V necessary

Most difficult, but important in Al =1/2 K — 7w
2 T T . . . .

I I I I I
aom
L oM. i
151 % . % -
{ A
1 | —
1 ﬁ ¥ Exp E865(2010)
Exp NA48/2(2010)
05+ B § B N=0FKOMU(1995) K? w/o V |
© N=0FKOMU(1995) Wilson w/o V
A N=2+1 RBC-UKQCD(2009) w/oV
%* O NgF=2+1 PQ Fu(2012) ASQTAD
| B N=2+1 Fu(2013) ASQTAD |
O 1 1 1
0 0.1 0.2 0.3 0.4 0.5
2 2
m_[GeV]

O Wilson type; 0 ASQTAD; A DWF; PQ:partial quenched

Recent ASQTAD calculations reasonable errors w/ V diagram
However, V destroys signal in Wilson and DWF — ~ 100% error

necessary breakthrough for other actions than KS
and estimate of systematic error for KS
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PACS-CS results

N¢ =3 NLO WChPT

2

5 _
o _m2 [ 32[ oo s | _ ca
agmy = a1 f2 [ 1+ 12 [mW(L 5 ) + analytic + Iog]- S f2
m?2 32 . Ls | ] coa?
a(l)mK = 87”}:[2{ [—1 -+ E [m%((L — ?) + analytic + Iog_] — 8f7‘(‘ff2(
2 i 2 2 2 2
3/2 _  Mrk _ 32 r My + m% vt _ Coa [y
ag’ px anfofr | 1+ i [mﬁmKL 4 Ls <+ analytic + Iog]] IS —
2 i 2 2 2 2
1/2 PrK 32 ) | Mz +mg nalvtic 4= I __caa HrK
ao HrK =— 47Tf7TfK _2 + foK [mﬂ'mKL + > L5 + lyt + | 9]] 47Tf7TfK o
L' =201+ 2Ly + L3 — 204 — Ls/2 + 2Lg + Lg
fit range: 32 1/
a%: mr < 0.41GeV, a(l),a,o ,ag" 1 Mg < 0.30GeV

co = 0.089(24)GeV?4, Ls =2.1(1.1) x 1073, L'’ = 0.83(64) x 103

x2/d.o.f. = 1.9(1.2)
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Phase shift I

I = 2 S-wave 7 Simplest scattering system

CM and Moving frames @ m, = 0.39GeV

005 01 015 02 025 03 035 04 Pem/GeV?

0
BN 0 =X . - W
, 5l =1 ddE oy " g% (=2
101 | 10} \
2 15}
E‘J—mj = 20} }
© 25} { }
, | | t=0
sl CP-PACS '04 i 30l {
f GKPRY '11 f
CGL '01 | -35}
wl | oweoom e 0l
0.05 0.10 0.15 0.20
K* (GeV?)
NPLQCD, PRD85:034505(2012) Hadron Spectrum, PRD86:034031(2012)
NLO ChPT in p # 0 — physical mx S- and D-wave (I =0 and 2)

my/ fr from MA calc.

other works: CP-PACS, PRD67:014502(2003), Kim, NPB(Proc.Suppl.)129:197(2004),
CP-PACS, PRD70:074513(2004), CLQCD, JHEP06:053(2007), Sasaki and Ishizuka, PRD78:014511(2008),
Kim and Sachrajda, PRD81:114506(2010), Hadron Spectrum, PRD83:071504(R)(2011)
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Resonance from phase shift

Relativistic Breit-Wigner form for scattering amplitude
¢i(P) sin §(p) = —/slg(s)

2 . ) SZEgm
s — Mg +iy/slTR(s)

PDG, PRD:86.010001(2012)
Breit-Wigner form fit: P-wave I =1 mmr —>p (I =1/2 Kn — K¥)
3 2 3
P~ Yponm p o >
> cotd(p) = ———(m?% — s)

67 Vs 9onr "
Necessary condition of P-wave resonance (kinematics, calculation)
2. CM frame: m, > 2E;(p) = 2\/m72T + p2, because p — w(p)w(—p)

Moving frames: e.g. E,(P) > mz + Ex(P)
3. p type and wrw operators in variational analysis

Mp =mp, Ir(s) =

Amplitude (transfer matrix) method: Gottlieb et al., PL134B:346(1984), Loft and DeGrand,
PRD39:2692(1989), McNeile and Michael, PRD65:094505(2002), McNeile and Michael, PLB556:177(2003),
McNeile and Michael, PRD73:074506(2006),
McNeile, Michael,and Urbach, PRD80:054510(2009), Alexandrou et al., PRD88:031501(R)(2013)

- of decuplet baryons [Talk:Petschlies Thu 7B 14:35]

41



Phase shift III
I =1/2 P-wave Km D,C, R and T diagrams

T ' T ' T ' 15 ' T ' T T
mK*[GeV] gK*JTK
1.1 9|é Experiment — 12 ® 9|e Experiment
@ @ FuandFu(2012) N=2+1 @ FuandFu(2012) N=2+1
W Prelovsek etal.(2013) N=2 | W Prelovsek etal.(2013) N=2 |
& Had. Spec.(2014) N;=2+1 & Had. Spec.(2014) N;=2+1
1 4 9
S
0.9F . 18 % %
0 8 1 | 1 | 1 | 1 3 1 | 1 | 1 |
-0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
2 2 2 2
m “[GeV'] m “[GeV']

[Talk:Wilson Mon 1B 15:35]
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Comparison with HALQCD method

NN channels with Luscher's method
TY et al., Nf =241 ms=0.5 GeV PRD86:074514(2012)

0000 ——— === === e ] 0000 —————— === ]

[ ] [ 1
i * ¥ experiment ] ! ]
-0004F | ® N=2+1m =051GeV . -0.004 | -
i : o Nf=0 mn=0.8()GeV ] % [ I
-0.008f | . 0008 -1 T .
I%' ] [ ]
0012 i‘ - § —————— { ————————— } _____ 4 oon2f .
- ] C

| i

| _

I ]

|

|

|

|

|
|
|
|
L | 1
0016 0016f 1 AEL( So) [GeV]
L 3 L |
[ AE (°S)) [GeV | N=2+1 m_=0.51GeV
-0.020F LS ] 0020F | e g
[ [ ¢ N=0 m =0.80GeV
L b F |
nnnnnnnnnnnnnnnnn ] [ l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 ]
00245 1e-05 2¢-05 3¢-05 Je0s 0% 1e-05 2¢-05 3¢-05 4¢-05
i’ 1L

NPLQCD, Nf = 3 mys = 0.8 GeV PRD87:034506(2013)

0 t ‘l
* 10
ol |y 1 |
[l [ |
| |
E | R
= i
4 T =
—60) o L=24 Igl
=32 |pl=
{ L=32,|pl=1
32, |pl=2
| ‘l =
—80 Ll [ Ipl
deuteron nn H-dib nA(1s0) nA (3sl) nX(1s0) nX(3sl) nE@Bsl) PpE(@3sl)
—-100

43-a



Effective baryon mass

— spin-2 S-wave N2 dibaryon HALQCD, arXiv:1403.7284

Effective mq

eff

1.35
13
125 |

1.2 |

11

1.05 [
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Simulation parameters of TY et al.

Nf=2+1 QCD

Iwasaki gauge action at 8 = 1.90
a~1 =2.194 GeV with mg = 1.6725 GeV '10 PACS-CS
non-perturbative O(a)-improved Wilson fermion action
my = 0.51 GeV and my = 1.32 GeV
mya = 0.30 GeV and my = 1.05 GeV
ms ~ physical strange quark mass

Finite volume dependence

mr = 0.3 GeV | ms = 0.5 GeV
L | L [fm] | Neonf | Nmeas | Neonf | Nmeas
32 2.9 200 192
40 3.6 200 192
48 4.3 400 1152 200 192
64 5.8 160 1536 190 256




Effective mass @ m, = 0.3GeV
Preliminary result of Nf =241 TY et al.
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effective AE; @ my = 0.3GeV on L = 48
Preliminary result of Nf =241 TY et al.
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L3 = 0o @ my = 0.3GeV
Preliminary result of Nf =241 TY et al.
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