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1. Introduction



QCD as the fundamental theory of strong interactions

Nuclear-Hadron system Quark-Gluon system

Quark
- fermion

Fundamental rep.

Gluon

-> gauge boson

Governed by D @joint rep. W,
LQcp = —%trFWFW + zf: Y(ivF Dy — myg)
—> Color Confinement
—> Chiral Symmetry Breaking
—
Global symmetry in 3-flavor QCD SU3);, x SU3)p
\ By spontaneous symmetry breaking ,‘; SU@3)v

Massless NG bosons appear

SU(3)L X SU(3)R

(Responsible for interactions)

SU(3)y




QCD as the fundamental theory of strong interactions

(
G(K%@ % Quarl; fermion

Fundamental rep.

Nuclear-Hadron system Quark-Gluon system |Gluon

-> gauge boson
Adjoint rep.
Governed by D \ -

1 ’ -
LQcp = —EUFWF“ + > Y(v* Dy — my)e
I

—> Color Confinement
—> Chiral Symmetry Breaking

— Simple Lagrangian
Global symmetry in 3-flavor QCD but

Very difficult dynamics
\ By spontaneous symmetry breakin S S———

SU(3)L X SU(3)R
SU(3)y

Massless NG bosons appear
(Responsible for interactions)




2. Lattice QCD

- Reliable nonperturbative method -



Lattice QCD as one possible solution for QCD
Continuum QCD

Gluon field : Ay ()
Quark field : q(aj)
Field strength : F},,, ()

Continuum Discretization
Lattice QCD L

> z 4

1 Gluon field : (7,,(12)~> lives on links
O Quark field : g(m) > lives on sites

_C
1 G Field strength : Plaquette (loop)




Lattice QCD as one possible solution for QCD
Compact formalism of QCD

1 -, .
LQcp = _EtrFWFW + > (" Dy — my)y

f
L L L L
S P ® Quark field Y (S)
@ // Gauge field UN(S) o eingNdxu
d
yd Up(s) € SU(3)
//

Lattice + Euclid space

Nonperturbative evaluation
of PATH-INTEGRAL




Lattice QCD as one possible solution for QCD

Path integral Z = /Dpre—SQCD[Aaw]

l All about QCD

e—SqcolA Y]

N e
—

Summing up all the possible gauge/quark/Configurations
with the statistical weight

> BERRIC L DI BLHEHH . QCD F A FIVRZIFIEFHIEHETES !



Hadron spectrum from lattice QCD

Now, physical point has been achieved

NUMERICAL EXPERIMENTS !!

I I
I I

vector meson | octetbaryon | decuplet baryon
] ]

PACS-CS collaboration, arXiv:0807.1661



Hadron spectrum from lattice QCD

Now, physical point has been achieved

NUMERICAL EXPERIMENTS !!

mass [GeV]

BFQCDIXI#EXRER L TEER !

PACS-CS collaboration, arXiv:0807.1661



3. Hadronic interactions
FFQCDIZTEARZE(?)



Hadronic interactions

HADRONS

Baryons : nucleon, hyperon, ....
building blocks of our world

Mesons : pion, kaon, ....

exchanged between hadrons
generate hadronic interactions

via One-Boson-Exchange-Potential

Hadronic interactions are keys to understand our world




Hadronic interactions

How to evaluate hadronic interactions
on the lattice ?

e

1. From BS wavefunctions on the Euclidean lattice.

— 2. Determination of hadron-meson couplings.

3. Phase-shift measurement on the lattice.

—



1. From BS wavefunctions on the Euclidean lattice.
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g @ @ e @ @ B

Repulsive core
+ Attraction !

Ishii, Aoki, Hatsuda, PRL99,022001('07).

Wave functions Hadronic potentials

-useful input for model calculations
-we can draw nice figures



Lattice QCD evaluation of hadronic interactions

2. Determination of hadron-meson couplings.

Meson exchange
- Hadronic potential

Coupling constants

-useful input for model calculations

—)

—)

A

=

Hadronic potetials

-information for meson production processes, etc....



OUR PROJECT

Systematic study of Hadron-meson couplings
with lattice QCD

H ) «=@P=- (H

‘( Building blocks of our world J
- YUKAWA potential

- Responsible for hadronic matters
- Important

Leads to Yukawa potential
But couplings constants are (in principle) undetermined

Lattice QCD




4. Measurement using Lattice QCD



How to compute form factors on the lattice ?

On the lattice, we compute VEVs of operators.

q; : quark operator I' : gamma matrix

/ Examples of hadronic operators \

B(x) =q.(q, T q3) Baryons > 3 quark states

M(x)= q;Tq, Mesons = 2 quark states

Jx) = q;: T q, Currents

\_ Y




How to compute form factors on the lattice ?
In lattice QCD, vacuum expectation values can be computed.
(B(p") Yivsyy B(p))
Baryon interpolation fie Pseudo-scalar density

We compute 3-point functions,
which can be expressed as follows.  What we want is .

C_ From meson correlators 1,0’6'75770{

D From Baryon correlators 1 :
¢ +m2 |
(B(p"); " B())

s N _
(0|B(p")|B (B|B(p)|0



How to compute form factors on the lattice ?

< 3-point function on the lattice
& 2-point function (PS)

& 2-point function (VT)

e Evt 2- and 3- point functions contains

Cv v (6P) = Zy ——=— (6, . A
Ve VaE, MW p? field renormalization (unwanted)

In their ratios,
we can eliminate such factors....

(P(p)|A* |V (p, A)) = (mp + my ) F1(q?)eM

+ () -"'P + H:IF { '-J"} F}"q MatrIX
<P 1))
w T e+ my Element !

N - ) ) . ) | T
+ S [2my Fo(g®) — (mp + mv)Fi(¢?) — (mv — mp) Fa(g?)] (form factors)
"




5. Our previous study
-- Octet Meson-Baryon couplings --



Our previous study

Pseudoscalar-meson--octet-baryon coupling constants in two-flavor lattice QCD
Physical Review D79 (2009) 074509 arXiv:0805.3068
Guray Erkol, Makoto Oka and Toru T. Takahashi

Axial Charges of Octet Baryons in Two-flavor Lattice QCD
Physics letters B686 (2010) 36 arXiv:0911.2447
Guray Erkol, Makoto Oka and Toru T. Takahashi

We systematically studied octet meson-baryon couplings
with 2-flavor lattice QCD

- 2-flavor QCD, quark are not very light (not very chiral)



Our previous study

390, A + ™ | ng + 1+
ztve o7 vl A i
— — 2 — — _m n 0
b= = —5tyE n (M= 7 vatve K
—=- = —2A K~ KO — 218
V6 V6
Baryon fields Meson fields
In terms of QCD’s symmetry,
effective interactions can be constructed
(Eg.) tr[[B, B|M] tr[{B,B}M] ....

= Overall coefficiens remain undetermined,
which are determined by QCD dynamics.

- SU(3) symmetry is actually broken.



Our previous study
LM = F tr[[B, BIM] 4+ D tr[{B, B} M]

F and D cannot be determined
= Two unknown parameters

SU(3) relations
-y ©) -

2

gysn = 290, gasSx = ﬁg(l —a), g==x = 9g(2a — 1)
1
= g(1l — 2a), = ———9(1 4+ 2«
gy NK = 9( ), GANK \/59( )

1 2
INNng = \/—59(404 — 1), gyypg = ﬁg(l —a)

\g/\/\’)’]g - —%g(l — ), g==pg = —%g(l + 2a) /

9NN
& F Two parameters

» Equations of motion T F4D (cannot be determined
- Blackhole formation Dy thess )
SU(3) symmetry is good ? - Lattice QCD calculations

How the symmetry broken ?



a=F/F+D and SU(3) breaking parameters

a=F/F+D (obtained by global fit) 0.4 — exact SU(6)

SU(3) limit : a=0.395(6)
c.f ) a=0.4 under SU(6) symmetry

¥ Local

e Smeared It decreases towards chiral limit

0.4 . 0.6 0.8
mr []a.t-tic:c: 1_111it]

Breaking in SU(3) relations
remains small (a few %)

0.4 0.6 0.8
mr [lattice unit]




6. Heavy hadron physics
(Ongoing subject)



Heavy hadron form factors

Charmed (or bottomed) hadron couplings or form factors
are also important.

describes int. of heavy-light hadrons and NG bosons.
contains three axial couplings at the leading order.
precise knowledge of parameters - B-physics, physics beyond the SM.

Lattice QCD is not almighty. Model calculations,
which describes hadronic interactions, are still needed in several situations.
Lattice QCD estimation of couplings could be used for the consistency check.

Charmed hadron-pion coupling is responsible for new hadronic states.
(Yasui-san’s work)



Heavy hadron form factors

Charmed (or bottomed) hadron couplings or form factors
are also important.

charm quark lives between CHIRAL SYM. and HEAVY QUARK SYM.

Light QUARK MASS Heavy
—
ud s C b t
Chiral symmetry Heavy quark symmetry

C : X FRTED B



Heavy hadron form factors

Charmed (or bottomed) hadron couplings or form factors
are also important.

In flavor-SU(3) sector, the breaking in couplings were found to be small.
But, SU(4) should be largely broken. How large?




6. Heavy hadron physics
- Previous studies -



Non-Lattice QCD determination of form factors

Charm couplings and form factors in QCD sum rules.
M.E. Bracco, M. Chiapparini, F.S. Navarra, M. Nielsen

e-Print: arXiv:1104.2864 [hep-ph]

LQCD ST H ARG REIER (LQCDDFERFFRE=ZDTN)

Approach
QCDSR [41]
QCDSR [41]

LCSR [42]
QCDSR [43]

LCSR [44]

QCDSR [19]
QCDSR plus meson loops [37]
LQCD [45]
LQCD [46]
dispersive quark model [47]
Dyson-Schwinger equations [48]
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Non-Lattice QCD determination of form factors

Charm couplings and form factors in QCD sum rules.
M.E. Bracco, M. Chiapparini, F.S. Navarra, M. Nielsen

e-Print: arXiv:1104.2864 [hep-ph]

QCDSR DFF(NZEMNL T HRRGEF Y RILHFFASLN TS

VMD Other models
3 52 [32]

2.82 [33]
2.52 [32

Coupling QCDSR
9pDD 3.0+0.2 [17]
gop+p (GeV™1) 4.3 +£0.9 [24]
4.7+ 0.2 [23]

4.17 £ 1.04 [54]

GuDD
a7 JvDD

grwp+p (GeV™1)

9J/¢D* D+

LML, EFQCDTIE. TNIFEFHI

0] 284

8.0 £ 0.5 [40]
4.05 £ 0.25 [40]
8.0 £ 0.5 [40]

7.64 [3 7]
8.0+ 0.6 [33]
7.64 [32]

551&@?
4.0+ 0.6 |22
6.2 £ 0.9 [20]

SERANBNTIELVELY



Non-Lattice QCD determination of form factors

Charm couplings and form factors in QCD sum rules.
M.E. Bracco, M. Chiapparini, F.S. Navarra, M. Nielsen
e-Print: arXiv:1104.2864 [hep-ph]

QCDSR [2&%. ZL—/\—=SU(4)xt Fri4 DB D FREE

91/4DD = 934D+ D* %

GpD*D+ = JJ’ wDD
GxD+D+ = JpDD+
GoDD = GpD* D*
GD+*Dx — ‘__}_If__ls_lf__lsp

9p+*Dx = 1

g =% g1
9D+*Dx = 9DDp




Non-Lattice QCD determination of form factors

PRRIGFATHENFET 5. LQCDDETF I 7EL

=

BFQCDTHLTIEA A= EITB ALV,
DFYFEEFHE—REBIHEIZKDRIEN
THONBDENEELLY,




6. Heavy hadron physics
- Our strategy -



Lattice QCD determination of form factors

Few lattice study for charmed-hadron—meson couplings
Few lattice people are interested in charmed hadrons?

Charm quark is too heavy and too light




Lattice QCD determination of form factors

Lattice spacing [a]
- Lattice cutoff [1/a]

Too coarse. Fine.
Small numerical cost. Cutoff is sufficient.
Cutoff is insufficient Huge numerical cost.

for charm quarks (~1.3 GeV).



Lattice QCD determination of form factors
Charm quark is too heavy and too light

4m—— )
We can do We can use
ordinary calc. 1/m expansion

(Wilson action works.)

up, down strange charm bottom, top

Though, the naive Wilson action is not good for charm quarks,

we adopt the naive Wilson action at this stage.
(We will go back to this point later.)



Our strategy

2+1 flavor gauge configurations (generated by PACS-CS)
Iwasaki gauge action and the Wilson quark action

323 x 64, a~0.1 fm (spatial volume is large) .

WALL-type sink operators (to avoid many matrix inversions)

TARGET (our hope, our desire)
- All the possible MB or MM couplings including flavor-SU(3) sector

- We aim at systematic study.



6. Heavy hadron physics
- Simulation setups-



Lattice QCD results

Simulation conditions

2+1 flavor gauge configurations (generated by PACS-CS)
Iwasaki gauge action and the Wilson quark action

323 x 64, cutoff~2.2 GeV, a~0.1 fm (spatial volume is large)
WALL-type sink operators (to avoid many matrix inversions)

heavy ¢ |ight
Kappa_ud - 0.13700, 0.13727, 0.13754, 0.13700
Pion mass - 700, 569, 411, 295 (MeV)

Current renormalization factors are estimated in a perturbative way
(nonperturbative determination will improve the results.)



Lattice QCD results (hyperfine mass splitting)
J/yp, nc mass CHECK (chiral-extrapolated)

k. = 0.12241 (J/y- input)

my,_ = 3.00478, my,, = 3.097 (GeV)
my, — myy, = 0.0922 (GeV)

Experiment

Charm quark system at the physical point
N;=2+1(a'=2.2 GeV) of 2+1 flavor lattice QCD.

PACS-CS Collaboration

- N2 (a=0;
=2 (a=0) (Y. Namekawa et al.)

Our estimation
Phys.Rev. D84 (2011) 074505

N;=0 (a'=2.0 GeV)

g10 012 014 0.16
rn.‘i.":q[ - ITIT‘[ c [ 7= '|.,|' ]




Lattice QCD results (hyperfine mass splitting)
J/yp, nc mass CHECK (chiral-extrapolated)
k, = 0.12241 (J/1- input)

m, =3.00478,  my, = 3.097 (GeV)
=, — myy = 0.0922 (GeV)

g Mass splitting is clearly underestimated with the Wilson quark action.

On the other hand,

g Coupling constants seem insensitive to charm-quark mass variation.

- We adopt the Wilson quark action at this stage.

(we are planning to adopt heavy quark actions)



6. Heavy hadron physics
- Our results-



D*Dmr couplings from the lattice QCD
(consistency check)

‘ Pion




Lattice QCD results (couplings)

D*Dmt — coupling (chiral — extraporated)

Pion mass 9

Foud Gi1(¢° =0) Go/G1  gp*Dx
700 MeV 0.13700 14.15(1.58) 0.09(2f 15.45(1.78)
569 MeV 0.13727 13.63(1.57) 0.12(4) 15.24(1.81)
411 MeV 0.13754 12.76(1.43) 0.15(7) 15.54(2.08)
295 MeV 0.13770 15.46(2.17) 0.07(6) 16.44(2.41)
0 MeV Lin. Fit 16.23(1.71)

Quad. Fit 17.09(3.23)

Our chiral-fit -> 16.23 1.7 (exp:17.9%2.2)

Abada et al. -> 18.8 = 2.3 Becirevic et al. (2009) -> 20 = 2
Becirevic et al. (2012) -> 15.9 = 0.7



Lattice QCD results (couplings)

Consistent with previous studies.
Wall-method seems to work well.

Our next task - study of other channels.



D meson form factors from the lattice QCD

Vector currents

g’
%

0O




Lattice QCD results (couplings)

Form factors of D-meson

(p+1)

VEp Ep

[2/3F5(¢%) + 1/3F2(¢%)]

(D) |Vu(@)|D(p)) = 5




Lattice QCD results (couplings)

Form factors of D-meson




Lattice QCD results (couplings)

Quark-mass dependences of DDp and D*D*p coupings
Jdip*p*p} IS systematically smaller than gpp,

Our chiral-fit -> 4.48%+=0.34 , 5.94+0.56



Lattice QCD results (couplings)

Quark-mass dependences of DDp and D*D*p coupings

Our chiral-fit -> 4.48+0.34 (DDp)
5.94+0.56 (D*D*p)

QCD Sum Rule -> 2.9 = 0.4 (DDp)
5.2 = 0.3 (D*D*p)

DS equation -> 5.05 (DDp)

mETREEE. TRV RATUR
(B—REGFFELIIVA. MDOBEREINZORIZHESHECATY)

Form factor [XELEZRIQ2 MKRELVEZAFE T, VMD-ansatz TLLED,



Lattice QCD results (couplings)

Charge radii each quark contributes

D* is systematically larger

When quarks are heavy,
They degenerate.
< CM interaction

bR+ TD

Charm quark® LAY [&

Down quark® Lam Y KY/NE0y,
< BEIESTR=®H




> ¢ form factors from the lattice QCD




Lattice QCD results (couplings)

X. 2. — form factors

Monopole Fit

EM-form factors can be reproduced by monopole-ansatz well.



Lattice QCD results (couplings)

X. 2. — form factors

Ud-part can be reproduced by VMD-ansatz,
but we can see small discrepancy.



Lattice QCD results (couplings)

X. 2. — form factors

VMD-J/¢ Fit

C-quark part can be reproduced by VMD-ansatz.



Lattice QCD results (couplings)

X. 2. — form factors

All-in-one figure




Summary

FQCDTTEAH_E(?)

-N\FOVEEDEE

-BRELICH 1T B K BNRI%L (Bethe-Salpeter amplitude) MEtE
-N\FOVEDEEERDETE

-form factor &t &

N\FOVAEBBDIA—IR7FDEE (LHL. SNIET—D0FRL—2(2KF)
-phase shift DEtE (LHL. TP L2 ELNIFTNSEMELNLLY)

FL(?)

“FEFQCDTAYD LDETEMNTHhNI=D1E5,
WoZ, Fryr—LRFRLEEDEGEL?



