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Flavors in QCD
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Strangeness is most sensitive to QCD
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Strangeness 1n nuclear/hadron physics

|
[1 Rich spectra in strange-quark systems

Probed by K, A, 2, = — nuclear reactions

B S=-1 A, 2, Knucleus

B S=-2 AA, Enucleus

m S=+1 O" nucleus?

B S= 0 m,¢innuclear medium
[1 The strangeness may go deep inside nuclear matter.

It may probe properties of hadrons in dense nuclear medium.

It may create new forms of nucleus or matter
ex. compact nucleus with a bound kaon

Akaishi-Yamazaki-Dote, Iwasaki, Kishimoto
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Strangeness 1n nuclear/hadron physics

|
[l Strangeness appears in Compact Stars:
Neutron stars (and quark stars) are
hyper-heavy-nuclei with strangeness

B Possibility of stable strange hadron matter
B Strangeness changes equation of states
Kaon condensation
A, 2, E (Y) mixtures
B Understanding the YN, Y'Y interactions is critical.
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New narrow hadron resonances

O*(1540) by LEPS, SPring-8 (I' < 10 MeV)

1 X (3872) by Belle, KEK (I"' < 2.3 MeV)

L D.*(2317) and D,*(2463) by BaBar (I' < 10 MeV)

L1 S°(3115) (K-pnn) (I' <21 MeV)

and 3, H (K-ppn) (I' <25 MeV) at 12GeV PS (KEK)
Are they deep K- bound states?

O"Common" features

narrow compared with neighbours

contain heavy quarks (s, c, ..)
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Baryon-baryon interactions

NN interaction
OPE by Yukawa (1934)
OBEP supplemented by short range repulsion

Exchanged mesons mass < 1 GeV

YN and YY interactions (Y: hyperons A, 2, =...)

Few direct scattering experiments

Not enough experimental data for partial wave analysis
Spin-dependent forces have not been well determined
Theories (models) are based on the flavor SU(3) symmetry.
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SU(3) symmetry of MBB vertices

Baryon octet 8 N AZ E B
Meson octet 8 t g K
singlet 1 N, - M

8x8=1+8,+8,+10+10+27 B

Two independent couplings for 8 x 8 = 8

FTr|[[B,B] M| F coupling
DTr[{B,B} M] D coupling
F

a, 1s a free parameter in SU(3)

" F+D
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SU(3) symmetry breaking in OBE

SU(3) of PS-octet baryon coupling constants

a la Nijmegen group

g=NN = g independent of ap

1

, 1
grz== = (2ap — 1)g gnzz = W(QO’F +1)g

9
gryy = 20pg gnyy = ﬁ(l —ar)g

2 1
gery = —(1 — ap)g gaN = ———=(2ap + 1)g
A \/§( F)9  9KAN \/§( Ft+1)g

grxN = (1 — 2ar)g
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SU(6) symmetry: spin-flavor

Symmetry of the NR quark model (ut ul df dJ st sl)
Baryons 56 =(8, 1/2) + (10, 3/2)
NAXE A0
Mesons 1 =(1,0) n,
35=(8,0) + (8,1) + (1,1) and mixings
Tk p oK ¢ = Mg /0= ¢

56x56=1 + 35 + 405 + 2695
(8,0) (8,0)

F/D ratio 1s fixed by the SU(6) symmetry
— F/D=2/3 or a.=2/5
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SU(6) symmetry: spin-flavor

But,
the SU(6) symmetry must be broken significantly
not only by the mass difference of quarks

but also by spin-dep. interactions of quarks
ex N (J=1/2)— A (J=3/2) mass difference
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SU(3) symmetry breaking in OBE

SU(3) 1s broken by m >>m_, min QCD.
meson mass differences
range of the potential B, B,

baryon mass differences

recoil correction at vertex M

g — —
b gy Bi B,

L(]L/) B'Y5 U B (DA ;] = 5

form factors
size of the meson and baryons
) ) oo m? — A?
9¢7) = 9@ =m) X “575  A=0.7-1.5 GeV
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SO...

[1 Why do we believe the SU(3)/SU(6) relations of the
couplings??

What does QCD predict for the F/D ratio in SU(3)?
How strong 1s the SU(3) violation of the couplings?

[J Direct computation of the coupling constants from QCD

Lattice QCD a pioneering attempt by K.F. Liu et al.
QCD sum rule

Nuclear Forces and QCD@ ECT*
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QCD Sum Rules

Shifman, Vainshtein, Zakharov (1979)
Tofte (1981)
Reinders, Rubinstein, Yazaki (1983)

Correlation function of composite operators
M(q) = i / el (0T (J ()T (0))]0)

J(x): local composite operator

Nuclear Forces and 9QCD@ ECT*
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QCD Sum Rules

Interpolating field operators

mesons

baryons

.]N(.IT) = (:a.bc[(“'a. CV“}"# Up )AJA#([C]

2
Ja(r) = J;Eabc ([wa Crus]ysde = [dg Crus)ys v ue)

Jyo(x) = \/ieabc ([ugC”Yqu]%’Yudc + [dgC’Yusb]’Y57MUc> :
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QCD Sum Rules

11(g) = [ d'ae™ (01T (J(2)T(0)]0)
(1) OPE (Operator Product Expansion) side
H((]?S) = Z Cn.(q:é)<0|0'n(0)’0> Gp=—q —

(2) Phenomenological side
parametrization of the spectral function at g% = m?

1) = L [as 2 o) =20ls =) 4005~ sl

s — >

s

s, - threshold for excited states
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QCD Sum Rules

(3) They are "related" by using the analyticity of the

correlator: dispersion relation

o1
lH(g*) = — [ ds

QCD duality

o ImlI(s)

/N

s — q?

threshold s,

ImII9""(s) = ImIT"(s)  for s > s

J

so ImIT9PE(s)

s — ¢°

ds = /
0

so ImITMH ()
9

S —q

ds
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QCD Sum Rules

(4) To improve:
Borel transformation M 2
(2 \n+1 n
22y TT — TT A2y : (95) _<] 2
H((] N (IE) 4 B;\[2H o H(J[ ) N q'l%:\n.—"oo.A[lélEl{]'f;/n:ﬁnit‘e n! ( (](1%) H('(IE)

Borel sum rule for the imaginary part of I1 (s = g2

so TmlI(s s _
Bars / ") g / D e ML (s)ds
0

.S'—i_qE 0

/0 e~/ M ImIIOE (5)ds = / Oe_S/MQImHPH(s)dS
0 0
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QCD Sum rules for coupling constants

Reinders-Rubinstein -Yazaki (1983)
3 point correlation function

[(q,p) =1 / d'ad'y TP O[T (T ()T (y) Tp(0))]0)

OPE gives Ti(¢.p) ~ — (qq) + ... B(q)
P

This pion pole term at p>=0 gives g,zp(0). -~ M(p)

B

But the OPE is valid only at p> — — o and ¢?> — — o,
The sum rule 1s contaminated by contribution from excited

mesons.
Nuclear Forces and 9QCD@ ECT* 18



QCD Sum rules for coupling constants

Shiomi-Hatsuda (1995)
2 point correlator with a pion

[I(q,p) =1 /dJ‘I 10| T(Jp ()5 (0))| M(p))

(p—0)
X
. . :
phenomenological side |
| 1 |
‘ 5 JrNNUVY — ‘
(2—41[,2,- / (2—3[,‘2;—
1 N 1 N q q

The double pole is the signature of NNu.
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QCD Sum rules for coupling constants

Birse-Krippa (1996) criticized to take the soft-pion limit.
soft-pion relation (p—0)

a —0 l / 1q-T a ryo D
1(q.p)" = — [ dacr (0] [Q3.T(B(x)B(0)] 0)

_ 9} {7,570. / (141»61‘(1*1'<0|T(B(I)B(0))yo>}

+
Baryon 2-point correlator

.Lll [,’ T ( T NN . )
) N _ YzNN with g4 = 1
fr ga

This 1s not independent from the nucleon mass SR with
the GT relation

Nuclear Forces and QCD@ ECT*
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QCD Sum rules for coupling constants

Soft Meson Limits in SU(3)

loffe Current  Bioge = [(u' Cy*u)y yud]c=1
Vv SU@B3)
[(2(; B?offe (1)]ET — (]ﬂvbC-BIbefe (l)

PS Meson — Baryon couplings are pure D couplings!!??

Nuclear Forces and QCD@ ECT*
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QCD Sum rules for coupling constants

General current
B, = [(u" Cd)y°u]; + t[(u" C~’d)ul;

141, 11—t .
5 ﬁ"fa.bc + Tdabc’) Bc(l)

Q3. B'()ler = (
F coupling + D coupling

e

t =—1 (loffe) (3,3)+(3,3) — D coupling
t=+1 (8,1)+(1,8) — F coupling

Nuclear Forces and QCD@ ECT* 22



QCD Sum rules for coupling constants

_ g = 2/3 (SU(6)) fort=—1/5? Furnstahl

F
D _

’ 0.0040 \ 4 ,

0.0035

0.0030 r

However, the baryon sum rule e
does not work at £ ~ —1/5. < gomo R

lcoupling]?> <0 IR,

(1) (GeVP)

= 0.0010

0.0005 F

0.0000 &

-0.0005 E

~0.0010 : : : ' : I :
—2.0 -1.0 0.0 10 2.0

Conclusion t
Soft-pion limit should not be taken for the PS meson-baryon int.
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QCD Sum rules for coupling constants

T. Doi, H. Kim, S.H. Lee, Y. Kondo, M. O.
PL B453 (1999) 97, PR D60 (1999) 034007
NP A662 (2000) 371, NP A678 (2000) 295
Phys. Rep. 398 (2004) 253

G. Erkol, R.G.E. Timmermans, Th.A. Rijken
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QCD Sum rules for coupling constants

H. Kim, T. Doi, S.H. Lee, Y. Kondo, M.O

nNN coupling constant

1°9(g,p) =i [ d'z " (0|T [J5(2) T3 (0)] | (p))

(q,p) = iysp T°Y 4 iys TIPS Hys0™ qup, T | iysg TPV

. = tensor structure
nucleon interpolation field

In(wst) = 2eael (ug (2)Cdy())v5uc() +1 (g (1) Cysdy(2))uc(2) |

two independent terms mixed by tanf = ¢

Nuclear Forces and QCD@ ECT* 25



QCD Sum rules for coupling constants

Meson matrix elements
(0lg(0)Tg(z)|m(p)) T =7""y

(1) Twist expansion at the light-cone (x>= 0)

(2) Short distance expansion of the light-cone operators
around Euchid x.= 0

. | , 1 |
(O1a(0)335u(x) [1°(p)) = i fapu + 5 Fo (P )1

| N SR 5 . . | BN
—1—8'z_f,r<)2(p - T)xy + 3—62_f,r021?2p‘,, - 7—2_)‘}()2(]) - ;17)'1?2])#, - %f,roz(p - 1’)217u

2
52 =0 0.2 (GeV)?

:
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QCD Sum rules for coupling constants

7 N C >
\ S £ V4
\ / - /

\ i N yd

. / i - . /
XX X O X

@ ®) ©

L

@ @© ®
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QCD Sum rules for coupling constants

[J for NN coupling (tensor term)

gﬂ'N/\%r(]. - A;N’A‘IQ)e_m?v/A'IQ

- 967T2f7r
1, .
— g fx0°(—1 - 26t + 27%)(qq) +

f7r

7,2( —5 — 6t + 11t*)mg(qq)

(10 + 4t — 14t*)(qq) M* Ey(z) —

[

72 - 12f,

( 1 — 2t + 3t?)(qq) M

(17 + 2t — 19¢%)(qq) <—g >
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QCD Sum rules for coupling constants

In principle, all the Dirac structures should be equivalent.
But, in practice, not all of them make a legitimate sum rule.

 Three (technical) check points
(1) coupling scheme independence
PS coupling v.s. PV coupling
which are equivalent for the on-mass-shell baryons
(2) suppression of the single pole term
induced by excited baryons
require mild dependence on Borel mass M
(3) consistent ¢ dependence
require consistency within the sum rules and also with

the baryon mass sum rule
Nuclear Forces and 9QCD@ ECT* 29



QCD Sum rules for coupling constants

Status PV PS T
i ° vg i 1°g? L0, P
coupling scheme No OK Good
dependence
single pole term No Good Good
t dependence - No Good

Nuclear Forces and 9QCD@ ECT*
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Single pole contribution

T sum rule v.s. PV sum rule

0.050 ; . ; 0.05
0.040 |- g (1+AM2) . 0041
I { < I
1 [)
I ] e 0.03 |
& 0.030 | 1 < L
5 | | £ I
0] » ' I
S [ I I
Ng L ] = [
4 0.020 f 1 002 1
g I ]
i _ 1 I
0.010 - _o====ET 0.01 1
I <z ——ﬁﬁ_ﬁi73====;5-_
e st .-
r , ‘ , , ] 0.00 | : ' : ' : ' :
0.000O o 0'5 ] '0 1'5 2.0 0.0 0.5 1.0 1.5 2.0
M? (GeV?) M? (GeV?)

Q: Nuclear Forces and 9QCD@ ECT*
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Consistent -dependence

SU(3) limit An(t) = A=(t) = As(t) linearint

0.010

v.s. PS sum rule

0.010

_ 0.005 -
> __ 0.005
S 3
[

S o]
< =
L 3

0.000 | S .00
~0.005

-2.0

W
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Sum rule parameters

TABLE II: QCD parameters. We always assume that (dd) = (uu), and employ the same m3 =

% for the u, d and s quarks. The OPE terms which are proportional to m, or m, are

neglected, that is equivalent to the choice m, = my4 = 0.

(uu) (5s)/(uu) Mg m% 52 (=G GHY)

—(0.23 GeV)? 0.8 0.12GeV 0.8 GeV? 0.2 GeV? (0.33 GeV)*

They are taken to be 0 1n the SU(3) limit
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Results in SU(3) limat

[1 Ratios of MBB' couplings in the SU(3) limit
Borel window 0.9 < M2 <1.5 GeV?
g(MgNN)/ g(xNN) = 0.36
g(ne=2)/g(n=EE) = 4.0, g(ng22)/g(n2) =0.97

F/D =0.68 0:=0.405
compared with o= 0.4 for SU(6)
o = 0.464, 0.409 for Nyymegen D, F
o = 0.36 from the octet baryon 3 decays
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E/D ratio v.s. cosO for T sum rule

Tensor sum rule Doi, Kim, Oka, PRC52 (2000)

t

- +1
0 1 —OO|+OO |

30 T T il T T T T T | T T T T
2.5

20
F/D

1.5—

F/D =0.65+0.10 A

2/3fOI'SU(6) OS?f_ngggeaaaaeaﬁaeééééé‘
0.57 from g, (exp) |

00 1 1 1 | I 1 1 1 1 I | 1 1 1 I | 1 1 1

-1.0 -0.5 0.0 0.5 .
cos 0
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PS sum rule

O —1 _ (x; |+CD +1 0
3.0 T T i T T T T T T | T T ' ' A E é;
o A ° a
A &
20 r ': .
F/D 2
I . |
B ° #
1.0 | 8 .
a
a
8
8
& 5 a8
0‘0 L 1 1 1 1 1 1 1 1 | 1 1 1 1 i 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0
cos 0

Nuclear Forces and QCD@ ECT*
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NN coupling constant

Absolute value of the coupling constants

Eliminate |A|? by using the (chiral odd) mass sum rule
g N~ 9.6 0.6 (exp.~13.4)

The mass sum rule seems responsible for this discrepancy.
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SU(3) Violation in 1BB and nBB couplings

Sources of SU(3) violation (partial) up to 0(g ~+m,)
— quark condensate (5s)~0.8(zu)
— decay constants  f, ~1.2f,

Ratios of coupling constants: g/ g,
no ambiguities from the baryon — current coupling

g(MNN)/ g(rNN) = 0.39 (0.36) @ SU(3)
gMEE)/g(nEE) =3.0 (4.0) 30%
gMZ2)/g(nz) =1.1 (0.97) 15%

O(q ~ ms) corrections only
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nAX coupling constant

Off-diagonal couplings =
no double pole term for M, = My L’J\A
g9

Projected correlation function method
Y. Kondo, O. Morimatsu  Nucl. Phys. A717 (2003)

IL, (pr,qs, k) = a(pr)vll(p, k)you(gs),
F_;_(p?", qs, k) - (pO - ‘A/j) (pO - Eq — wk)H-i—(pTa qs, k)a

on-masss-shell vertex function prop to the coupling cons.
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Projected correlation function

NN coupling 1n the projection method

Kondo-Morimatsu, Nucl. Phys. A717 (2003)
They found that it gives better Borel stability.

NN

Nuclear Forces and QCD@ ECT*
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nAX coupling constant

Doi, Kondo, Oka, Phys. Rep. 398 (2004) 293

15—
Geax(SU(3) limit) = 7.5 £ 1.3,
grax(broken SU(3)) = 6.9 £ 1.0. ]

SU(3)]broken

-
\\

SU(3) limit continuum threshold

sy, = 2.07/2.57 GeV?
| | ! | ! | ! | ! | ‘

1 1.5 2
Borel mass  M? (Gev?)

00‘5
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nAX coupling constant

Deviation from the SU(3) limit 1s small.
Grax(SU(3) limit) = 7.5 + 1.3,

grax(broken SU(3)) = 6.9 £+ 1.0.

Comparison

B [utz, Kolomeitsev ~ 10.4 by fitting exp data
But we underestimate the NN coupling.

B Keiletal. ~0.4 g, Indicates a large SU(3)
breaking
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SU(3) breaking

pion matrix element (leading)

OPE = [Sﬂ

fﬂwp Ey +my)

87r2 7‘7r

m]) (E
+< 242 f7r T & o fom 1
strange quark mass

baryon mass

The SU(3) breaking terms are sub-leading.
For the n—B-B’ couplings, SU(3) breaking is weak.
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Scalar meson

Critical component for nuclear binding

intermediate attraction in nuclear force

QCDSR calculation of the BB couplings
oNN coupling G. Erkol, R. Timmermans, Th. Rijken
OoAA, 022, oZE  couplings with M.O.

Nuclear Forces and QCD@ ECT*
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Scalar meson

Light scalar mesons
B °P qq state
octet f,, a,, K, + singlet f,

if 1deally mixed B =
= (uu +dd )2 a, = (ud ,(uit —dd)/~2,di)

/fs=sﬁ

= vwra-quark states 9999
[ \=udud a; = (susd,(susi — sdsd)/~2,sdsi)

£ = (susu + sdsd)/~2
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Background field method

[ quark propagator in the o background

a — o 5ab 1 n n v 2
(0[T'[q (x)qb(o)!())a — gqa[— An222 3972 Aabge G, o™ In(—z7)
Z'Csab Ja X Z’éabe
— /\' _ p— C— . G ’\}
+ =g (00)% — —5Ga) + o755 (900 - Ga)2
50 12 _ 5 (g2G?) 2
~ oz IXC (9cqo - Gq) — 59w 3.2 & In(—x )] :

scalar susceptibility 7 is defined by  x(7q) = 57(0)

T(p?) =i / d41:eip'$<0!’]'[ﬂ(1:)u(x) + d(2)d(x), @(0)u(0) + d(O)d(O)]!O> |

x=-10+1GeV!
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Background field method

[1 OPE of the nucleon correlator (chiral odd part)

4 m2 m2
2 2 0 0 2
(27r)4 [aq ln(—q ) — X 3—q2 a, + ﬁaq — (x -+ Xg) 6—q4 aq]

aqg = —(2m)*(qq), b = (42G?)

7 (q) = g

[1 phenomenological side

(0[N [N)
¢* — M5,

(N1|7n|0)
= — |\

> ¢+ Mn]| 14 + Mn

17 (q) =
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ONN coupling constant

® the Borel mass dependence of the
LHS and the RHS

for 0.8 GeV? < M2 < 1.4 GeV/?

#® the dependence of gnn o /g9 ON X

gNNa/gg —=39+1.0

S

10 N
— total
5 00 M .
3 u‘bti o
CM3eMn 1M ) |
0.8 1 1.2 14
M? (CcV’]
6 1

Inne €

-11 -10 -9

Meson Baryon Couplings in QCD Sumr



ONN coupling constant

Assuming the value of g, ; = 3.7 (taken from Riska-Brown)
gonn =14.4= 3.7 is obtained,

which 1s compared with
(8NN )Nscse =16.9
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Other oBB coupling constants: SU(3)

[J For other BB couplings, we obtain in the SU(3) limit
gi\'l’\"a,f'fgg = 4.0, IAAe yg = 1.7, gEEo,""gg = 0.3, gSSo,.""'gg = 3.6.

weak oAA coupling favored by AA-nuclear data.

for scalar = qa with 1deal mixing a, = F/(F + D) = 0.55

9/97 = gnNao/9; = 3.3

- f T DG
91/9q = 3.2

for scalar = qqqq with ideal mixing | , = F/(F + D) = 0.55

I N« _ L 9 -3
g.‘: gq - ge\q\'a[o;" yq —_— T Lt

g1/93 = 4.6
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Conclusion

[l Formulate the QCD sum rule for the meson-baryon
coupling constants

B pion-vacuum matrix elements of the two point baryon
correlation function.

B need to go beyond the soft-pion limit.

B The tensor Dirac structure, y5ow , gives the most robust
and reliable sum rule.

B Off diagonal couplings require projection method.

ex. TAX coupling

Nuclear Forces and QCD@ ECT*
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Conclusion

[1 Results

m SUB)Imit F/D =0.65+0.10
consistent with SU(6), larger than p decay exp.

B The SR underestimates tNN coupling constant
gan~ 9.6 +0.6 (exp.~13.4)
B In general, SU(3) breaking ~ 15-30% order 1s expected.
<§s> < <Eu> = <Jd> and fn <f_ <fy
B But, it 1s weak for tAX coupling and 1s expected to be
weak for other tBB' couplings. (Niymegen potential)
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Conclusion

[1 The background field method is applied to scalar o baryon
couplings.
B A strong oNN coupling consistent with OBE models 1s
obtained.

B A relatively weak GAA coupling 1s obtained, which 1s
favored by recent experimenal data of AA hypernuclei.

(1 Further studies
B Other mesons: KNA, KNZ, nAA, = ...
The p expansion is questionable as p? = m? is large.
The background field method may work.

B Weak hadronic couplings: mNA, tNZ, KNN, ...
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