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MOTIVATION

« Two-color QCD T Nambu-Bethe-Salpeter amplitude ZFL>
- potential W&t E

« 4D flavor, %% quark mass T® potential Hh 5
repulsive force @ origin ZiF7

- Potential M operator dependence ZR %




SETUP

* Quenched SU(2) QCD 243x64
 B=2.45
 Wilson quark
k=0.1350, 0.1400, 0.1450, 0.1500, (0.1150, 0.1250)




POTENTIALOEH®)

CP-PACS collaboration(2005) O 5% ALV%

S.Aoki et al. (CP-PACS Collaboration), Phys. Rev. D 71, 094504(2005)

« Two-diquark collerator W(R,t)

Wiikr(R, 1) =

Y (Dijr(x, NDyr(x + R, D (0,0)D]

F 1(0,0)).

X

DI'J',[‘(X, t) = SHI)Q?(X, f)rqli(X, f), I'= C, C)/59CJ/M7C)/MYS

W(R) = lim,_,W(R, 7).

4 [Al scalar diquark @ S-wave scattering states [Z;FE 5D T
wave function (& A,*-wave function IZ project 5
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 Schroedinger-type equation

(% + V(R) — E)W(R) = 0.




RESULTS()

00T T T T T T T T T T 17
« Mass E 008 ) |
3 I § 0.003492/m, i
TABLE . All the hadronic masses are listed. The masses at s 0081 7
k = 0.1150 and 0.1250 are obtained without high-energy gluons. 2 B . .
(See Sec. VB.) Am represents the scalar-axialvector-diquark -‘% 0.04 - .
mass splitting. 2 L N 4
3 0.02 - .
K Scalar  Axialvector Pseudoscalar  Vector Am o = Iﬁﬁ n
0.1350 1.044(2) 1.056(2) 1.285(2) 1.286(3) 0.012(2) oool—L + 1 v 1411y 1111
0.1400 0.836(2) 0.855(2) 1.102(2) 1.102(4) 0.019(2) 0 01 02 03 04 05 06 07 08
0.1450 0.618(2) 0.651(2) 0.919(4) 0918(5) 0.033(2) half of AV-diquark mass m,, [lattice unit]
0.1500 0.377(3) 0.447(2) 0.757 (7) 0.728(4) 0.070(3)
0.1150 1.0202)  1.026(2) 1.397(9)  1.352(8) 0.006(2)  FIG. 1. Scalar-axialvector mass splitting is plotted as a
0.1250 0.494(2)  0.504(1) 1.053(25)  0.889(19) 0.010(2)  function of axialvector-diquark mass. The dotted line is a fit
function Cn:Q:.
2 1
Am=Cm = — =
0 Am=m,, —mg; m m,,

)

> Color-magnetic interaction




RESULTS®

« Wave function (i,j, k,1)=(1,2,1, 2), (1, 2, 3, 4) (same mass)

12 34
12 34
12 12 12 12
12 12 12 12

direct diagram quark-exchange diagram




RESULTS®

« Wave function: t>25
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FIG. 2. The wavefunctions W(R, 1) at x = 0.1500 are plotted
as a function of a source-sink separation 1.
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FIG. 5. Potentials V)5 14(R) computed with the flavor combi- g1 6.
nation, (7, j, k, I) = (1, 2, 3, 4), are plotted as functions of relative
distance R.

Potentials V5 ;5(R) computed with the flavor combi-
nation, (i, j, k. 1) = (1, 2, 1, 2), are plotted as functions of relative
distance R.

g; 0.6;: ‘/ex(R’mq)=‘/12’12(R’mq)_‘/12,34(R9mq)
I quark-exchange part A%
: replusive @ orign ?

relative distance [lattice unit]

FIG. 7. Quark-exchange parts of potentials, which are defined
as Vo (R) = V5 5(R) — Vi w(R), are plotted as functions of
relative distance R,




RESULTS®

 Potential ZLL T ORI T fitting

exp(—(3)°)

‘/;E

Fi(x) =A

Fr(x) =A

TABLE IL

The best-fit parameters for Vi (R, m,), Vg (R, m,),

and VA (R, m,). A(F;) and B(F;) denote the strength and the

range estimated with the function F,.

Vir 0.1350 0.1400 0.1450 0.1500
X2/ Ng(F)) 1.462 1.719 12.24 3.163
V2N F_ ) 54 50 6 O70) (381 9037
X2/ Ny (F3) 8.938 1.094 3516 2.206

) GEEAFTALATY) 3578 TS o oS
X/ Ny (Fs) 85.32 15.00 3.818 30.43
AlF)) 0.046(001)  0.050(002)  0.081(009)  0.345(007)
A(F) 0.015(004)  0.017(003)  0.032(001)  0.144(010)
A(F3) 0.154(010)  0.171(006)  0.294(019)  1.134(024)
A(Fy) 0.073(013)  0.083(008)  0.162(002)  0.655(050)
AlFy) 0.011(008)  0.015(007)  0.046(007)  0.206(052)
B(F)) 424(006)  4.33(011)  387(024)  2.58(005)
B(F;) T06(150)  6.77(076)  5.36(010)  3.61(020)
B(F5) 1.93(008)  1.91(005)  1.62(007)  1.16(002)
B(F,) 327(041)  31021)  242(002)  1.72(011)
B(Fy) 10.3(060)  8.12(277)  4.63(050)  3.20(058)
Vi 0.1350 0.1400 0.1450 0.1500
Y2/ Ny(F)) 3.869 5317 6.064 7.543

.,.2 JAL (e 0846 144 1713 4 849
X* /Ny (F3) 0.095 0.481 0.737 2202

X JiVytFs) T.8/1 4.590 8.027 1319
X2/ Ny(Fs) 8.460 16.28 27.94 339
AlF)) 0.060(003)  0.099(006)  0.209(012)  0.565(036)
A(F) 0.025(001)  0.046(002)  0.094(006)  0.277(016)
A(F3) 0201(002)  0.354(008)  0.744(017)  2.188(085)
AlFy) 0.119(007)  0.223(020)  0.453(046)  1.424(163)
A(Fs) 0.040(010)  0.089(023)  0.168(050)  0.606(152)
B(F,) 258(010)  278(010)  2.99(010)  3.25(007)
B(F,) 3.58(008)  3.63(009)  3.95(015)  3.97((N9)
B(F5) LI4001)  1.17(002)  1.27(002)  1.29(002)
B(F) 1.67(008)  1.64(009)  1.8(012)  1.72(008)
B(Fs) 2098(048)  2.61(041)  298(055)  2.60(030)
ve 0.1350 0.1400 0.1450 0.1500
X2/ Ny (F3) N/A N/A 1.338 0.246
AlFy) N/A N/A 0.186(024)  1.041(046)
B(F5) N/A N/A 1.O5(009)  1.01(004)




potential V12.34
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FIG. 8. Upper: Attractive parts of potentials, Vg (R, m,) =
Vi234(R, m,), together with the best-fit curves F3(R) are plotted
as functions of relative distance R. Lower: Quark-exchange parts
of potentials, V. (R, m,) = V5 2(R,m,) = Vi34(R, m,), to-
gether with the best-fit curves are plotted as functions of relative
distance R.
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Strength

Range
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FIG. 9. Upper: The fitted strengths, Ay, A.,, and A2, of the
potentials, Vg, (R, m,). Vo (R, m,), and VI (R, m,). are plotted
as functions of half of axialvector-diquark mass. Lower: The
fitted interaction ranges, By,. B... and BL,, of the potentials,
ViR mg), Ve (R, m,), and VIR, m, ,). The parameters for
Viie (R, m,), Voo (R, m,), and VE(R, my) nre. respectively, shown
as DIR, EX, and “ATT(D)".

heavy-quark-mass region T flat [ZZZ>TL\%

N

Vg, 121 “universal” 7% attractive potential VY,

NEENADTIE?

“universal” = strength % range £ mass [2{K59".
BB flavor channel TIRNA

V. (R,m )=V (R,k =0.1350)
aﬂ(R m ) le.,,(R,mq) att(R)

Vair(R, mq) Var(R) + Vi (R, m, )

nfatt(R) + Adtt(’"q)f ae(R).

ch (R’ mq) o Acx(mq)fcx(R)‘




REMOVAL OF HIGH-

MOMENTUM GLUONS(D

 Fourier transform ZfL ‘7= link variable @ high-momentum

CUt A. Yamamoto and H. Suganuma, Phys. Rev. Lett. 101, 241601(2008)
A. Yamamoto and H. Suganuma, Phys. Rev. D 79, 054504(2009)
_ pX A. Yamamoto, Phys. Lett. B 688, 345(2010
X
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FIG. 11. Heavy-quark-antiquark potential as a function of
a separation r. The upper data shown as circles denote the lattice
QCD data obtained in full SU(2) calculation, and the lower
data shown as squares denote those obtained without high-
momentum gluons. The infrared cut A is set to A = 5 in lattice
unit. The original QQ potential is fitted as Voalr) =
—0.2397(53) 1 + 0.0518(10)r + 0.5405(50).




REMOVAL OF HIGH-
MOMENTUM GLUONS®2

TABLE 1. All the hadronic masses are listed. The masses at
x = 0.1150 and 0.1250 are obtained without high-energy gluons.
(See Sec. VB.) Am represents the scalar-axialvector-diquark
mass splitting.

high-momentum-gluon cut #& O AmMHiEY
INEKIE kT AR

K Scalar  Axialvector Pseudoscalar fector Am
0.1350 1.044(2) 1.056(2) 1.285(2) 1.286(3) 0.012(2)
0.1400 0.836(2) 0.855(2) 1.102(2) 1.102(4) 0.019(2)
0.1450 0.618(2) 0651(2) 0.919(4) 0.918(5) 0.033(2) . . . >
01500 03773 0447(2)  0757.(7) __0728(4) _0070(3) Color magnetIC Interaction b\*[uﬁ:ﬂ]é*l,_CL\%)
0.1150 1.020d2) 1.026(2) 1.397(9) 1.352( 8) 0.006(2) Je 2
0.1250 0.494(2) 0.504(1) 1.053(25) 0.889(19) 0.010(2) '|k;
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FIG. 12. Potentials V)33(R) for the flavor combination FIG. 14. Quark-exchange parts of potentials, which are defined

(0. 3, k. 1) =1(1,2,3,4) computed without high-momentum glu-
ons are plotted as functions of relative distance R. The infrared
cut A is set to A = 5 in lattice unit.

FIG. 13, Potentials V5 »(R) for the flavor combination
(6, k. 0) =1(1,2,1,2) computed without high-momentum glu-
ons are plotted as functions of relative distance R. The infrared
cut A is set to A = 5 in lattice unit.

as Vo (R) = V5 5(R) — V5 4(R)., computed without high-
momentum gluons are plotted as functions of relative distance
R. The infrared cut A is set to A = 5 in lattice unit.




REMOVAL OF HIGH-
MOMENTUM GLUONS®
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FIG. 15. The values of V., at R=1 and 2 are plotted as

functions of S-AV mass splitting Am.




OPERATOR DEPENDENCE OF
THE POTENTIALD

« BS amplitude @ sink fI® operator % smearing
7s(X; T) l‘[(n + az K ) K, (U)y = UL(0)8,s a0, + Uplx — 2)8,— 5,

a,NIEDHDFEDDICAEDEIICES

Hy(Xy, X2:X) = (11,1;("1’ )(Iz.h(Xz;X)-
D (xy+xp)2=x LS DB S ERLIZLY
Uy =explid, U,  0=6,<27

K (U),y = Upt ()8

N

¢l(x;r) = n(l + a Z K{"'(;U)x,.)s,i_,. = exp(if - (x — 1))g,(x;1).
i=|

cipy T UL (= 2)8, 4y = exp(—if,)UL(x)8,+ 4, + exp(if,)U,(x — 2)8, 4,

BED=H x=0 £33

H,'j(x, X2;0) = exp(if - (x; + X2))q15(X1: 0)g5,5(x2: 0).

:> THZERNIE (X+X,)/2=0 [ZT




OPERATOR DEPENDENCE OF
THE POTENTIAL®2

« The root-mean-square radius b ORE

c; = (vac|D;; r|ith state).
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FIG. 16. |col*/3;lc;|? are plotted as a function of the RMSR of
a smeared operator b, Here, ¢; denotes the overlap of a
diquark operator and i-th state; ¢; = (vac|D;; r|ith state).




OPERATOR DEPENDENCE OF
THE POTENTIAL®
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FIG. 19. Quark-exchange parts of potentials, which are defined
FIG. 17.  Potentials V', 1s(R) computed with projected smeared FIG. 18. Potentials V|, ,»(R) computed with projected smeared 45 Vex(R) = Vi3 12(R) — Vi 34(R), are plotted as functions of
diquark operators ¥ ;H}, with the flavor combination, (i, j, k, 1) = diquark operators z!;”:i‘ with the flavor combination, (i, j, k, [) = relative distance R. In this case, Vi 12(R) and V)5 34(R) are those

(1,2, 3,4), are plotted as functions of relative distance R. (1,2, 1,2), are plotted as functions of relative distance R. measured with projected smeared diquark operators Z,.;H,'f.
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FIG. 5. Potentials Vi 4(R) computed with the flavor combi- g1 6, Potentials V;5,5(R) computed with the flavor combi- FIG. 7. Quark-exchange parts of potentials, which are defined
nation, (i, j. k. I) = (1, 2,3, 4), are plotted as functions of relative  narion, (i, j, k, ) = (1,2, 1, 2), are plotted as functions of relative a5 Vex(R) = Vi3 12(R) — Vi234(R), are plotted as functions of
distance R. distance R. relative distance R,




OPERATOR DEPENDENCE OF
THE POTENTIAL®YD
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FIG. 20. Upper: The fitted strengths, Ay, A.,. and AL, of the
potentials, Vi (R, m, ), Vo (R, m,), and VIR, m,), are plotted as
functions of half of axialvector-diquark mass, Lower: The fitted
interaction ranges, By, B., and Bf,, of the potentials,
VR m,), V(R m), and VIR, m,). The parameters for
Vi (Romy), Vo (R.m,), and VE(R, m,) are, respectively, shown
as DIR, EX. and “ATT(D)". All the parameters are obtained by
fitting potentials measured with projected smeared diquark op-

erators 3 ;H}.




SUMMARY

- quenced two-color lattice QCD T potential V(R) &5t H&

* Four flavor(same mass), various quark mass T repulsive

force DIERZEIFE-T-
Ve(Rom) =V, ,(R,m) =V 5, (R,m,)
- Potential ® operator dependence &R 1-
« Operator independent 1 NDHL R % 1=
1. Universal attraction M77E
2. WFhh T VI repulsive




