


Introduction



Heavy hadrons

Charmed hadrons are attracting much interest.
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Heavy hadrons

M. Nielsel ( Charm2010 )
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Lattice QCD



Lattice QCD as one possible solution for QCD

Continuum QCD  Locp = —;trFWFW + > (v Dy — my)y

f

RS g\ Gluon field : Au(7)
e Quark field : ¢( )
Field strength : F,,, ()

Continuum Discretization
Lattice QCD LLE:

' Gluon field :Uy,(n)~> lives on links
O Quark field : g(m) > lives on sites

a Field strength : Plaquette (loop)




Lattice QCD as one possible solution for QCD
Compact formalism of QCD
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Lattice + Euclid space

Nonperturbative evaluation
of PATH-INTEGRAL by computers




Lattice QCD as one possible solution for QCD
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Target

Electromagnetic form factors of singly- or doubly-charmed baryons
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Target

Electromagnetic form factors of singly- or doubly-charmed baryons
> ANE—9I+—9FEL/\FOVDRESOREEEDER

Large isospin splitting (SELEX data) M#2i& ?

Mass difference in isospin doublet

M, — M, = 1.29
Mp+ — Mpo = 4.77
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Brodsky et al. Phys.Lett. B698 (2011) 251-255



Target

Electromagnetic form factors of singly- or doubly-charmed baryons
> ANE—9I+—9FEL/\FOVDRESOREEEDER
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Problems and Improvements



3 point functions on the lattice
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3 point functions on the lattice

D, @ > 1ERHTHIFIERLY

@ > FrRILEITHELESL
(so-called sequential source method)
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3 point functions on the lattice
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Cut off artifact

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).



Cut off artifact

Charm quark is too heavy and too light

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

(Wilson action works.)

up, down strange charm bottom, top

Quark mass I|ght e — heavy



Cut off artifact

Wilson (Clover) action, contains no O(a) error but finite O((mQa)") errors
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Heavy quark action, designed to reduce O((mQa)") errors
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The form is essentially the same as the standard clover action.
Parameters were tuned in PACS-CS’s paper (Phys.Rev. D84 (2011) 074505)



Cut off artifact

0.13700
0.13727
0.13754
0.13770
Lin. Fit
Quad. Fit

Exp.
PACS-CS [14]

2.467(39)(11)

[GeV]
2.834(19)

2.815(26 }
2.781(26)
2.740(24)
2.740(67)

2.695

2.673(5)(12)

GeV]

3.810(12)
3.740(13)
3.708(16)
3.689(18)

3.660(14)
3.687(24)

3.519

3.603(15)(16)

[GeV]

3.861(17)
3.806(12)
3.788(16)
3.781(28)
3.755(18)
3.791(36)

3.704(5)(16)

We employed the simplest FermiLab-method based action.

Mohler et al. Phys.Rev.D87, 034501 (2013)

Always Overestimate the charmed hadron masses.

Relativistic heavy quark action can well reproduce the masses.(PACS-CS)

S+ Peye 4o 1) 4P



Simulation setups



Simulation setups

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 () light
Kappa_ud - 0.13700, 0.13727, 0.13754, 0.13700
Pion mass - 700, 569, 411, 295 (MeV)



Results (mesons)

Vector and axial-vector couplings of D and D* mesons in 2+1 flavor Lattice QCD
Phys.Lett. B719 (2013) 103-109 arXiv:1210.0869
Guray Erkol, Utku Can, Makoto Oka , A. Ozpineci and Toru T. Takahashi



D meson form factors from the lattice QCD

D meson J=0 ( scalar) 1 ‘

D* meson J=1 (vector) 1 1

c-quark & d-quark RE> D#A A



Lattice QCD results (couplings)

Form factors of D-meson

(p+7')

2v/ Ep Ep

(D) V()| D(p)) = [2/3Fp(q%) + 1/3F5(4%)]

D — meson




Lattice QCD results (couplings)

D, D* mesonD I EFZ

D* (vector) (& D (scalar)&Y
BIZHAXHNKEL
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& Color-Magnetic BB
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C-quark DAY IE d-quark &KUY
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Results (baryons)



Charmed baryon form factors from the lattice QCD

Singly charmed

Doubly charmed

w light quark wj/o light quark




Singly charmed baryons

Electric form factors Magnetic form factors

K,g= 0.13700
K, = 013727

K,q = 0.13754

K, 4= 013770




Doubly charmed baryons

Electric form factors Magnetic form factors

vyg = 0.14700
K g = 018727
v = 0.1475
¥ug = 0.147H

Kyg =0.24700
Ky g SO.24707
Ky g =0.24754
E,4 =0.14770
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Electric charge radii Vertical axis : values
Horizontal axis : valence (sea)quark mass

Small quarkmass dependence?

>C
7% dof | 2.07 017
=CC
Very small
Brodsky et al. D FHIZEE
=CC
Small (sea)quark mass dependence
Qcc Linear and quadratic fits give similar results.

X:contains no valence (light) quark
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Magnetic moment Vertical axis : values
Horizontal axis : valence (sea)quark mass

—— Cons. Fit
— Lin. Fit
-- ?uad. Fit
L atticeData
Chiral Point

Comparison with model calculations

[16] 17] [18] [19] [20] [21] [22]

-1.043  -1.60 -1.391 -1.17

-1.117(198)  -1.78  -1.04
1.679 2.20 2.44 2.18

2.027(300) 307 176
0.425(29) 094  0.72
-0.630(88)  -0.90 -0.85
0.413(24) 074 067 063575015 0668  0.607

Almost consistent with each other (but underestimated)

0.78550-0%0 0722 084 0774 0.77
-0.774  -090 085 -0.92
0.630  0.70




Coupling constants



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.



Lattice QCD results (couplings)

Form factors of D-meson

VMD-ansatz reproduces data well.
CIhLEEERTRIED.

D — meson




Lattice QCD results (couplings)

Quark-mass dependences of DDp and D*D*p coupings
9d(p*p*p} LS systematically smaller than gpp,

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



Lattice QCD results (couplings)

Our chiral-fit QCD Sum Rule DS equation

DDp > 4.48%+0.34 2.9
D*D*p>  5.94=+0.56 5.2

4

+ 0
+ 0.3 5.05

D*D*p coupling is consistent with other models
D D p coupling is still controversial
VMD-ansatz well reproduces form factors



BBp coupling constants

We extract BBp coupling constants by VMD-ansatz for form factors.

Coupling is obtained

VMD-ansatz as a fitted parameter

X rho-meson masses are determined at each quark mass

on the lattice.
D00 (428 13. 3‘)2(683) 700 MeV (heavier)
p meson coupling constant Tt 12.485(920) Valence quark mass
5.721(263) 11.073(676)
5.536(230) 11.228(694) 300 MeV (heavier)
5.700(245) 10.554(512)

10.947 (1.056) Chiral limit

6.098(380)




Summary

We have been investigating charmed-hadron coupling constants
by means of lattice QCD.

2+1 flavor gauge configurations generated by PACS-CS.

Cutoff - 2.17 GeV, latice spacing - 0.09 fm

Pion mass - 700~300 MeV

WALL sink method instead of so-called sequential source method

We successfully extracted some of charmed-meson, charmed-baryon
coupling constants and form factors.

Clarification of other channels and interpretation into physics are in order.
Technical improvement is essentially needed.

There are not many lattice studies of charmed hadrons.

Still, charmed hadron spectra are to be clarified in @ more sophisticated way.
Wavefunction measurement of scattering states may be interesting.
Comparison of couplings with flavor SU(3) sectors.



