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Purpose of PACS10 project

Removing all main systematic uncertainties in lattice QCD

using three ensembles at physical m,; on (10 fm)3 volume
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Lattice QCD

Standard Model of Elementary Particles

three generations of matter
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Lattice QCD

QCD =

Quantum Chromodynamics

theory of strong
quarks and gluons

interaction for

Standard Model of Elementary Particles

three generations of matter

mass
charge

spin
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Lattice QCD

QCD =
Quantum Chromodynamics

theory of strong interaction for
quarks and gluons

dynamical u,d, s quark effect
in low energy physics

Ny = 241 QCD (my =my <K ms)

what we want to calculate
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Lattice QCD

QCD =
Quantum Chromodynamics

theory of strong interaction for

quarks and gluons

dynamical u,d, s quark effect
in low energy physics

Ny = 241 QCD (my =my <K ms)

what we want to calculate
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non-perturbative calculation method is necessary for QCD.

Lattice QCD: non-perturbative calculation using supercomputer



|_attice QCD non-perturbative calculation using supercomputer

A

’ ’ finite lattice spacing a (regularization
- V() g a (reg )

momentum cut-off : |p| < 7 /a

] . 4d finite spacetime = L3 x T
L (z + ) 0 .
* quarks 1 (x) : on site
— gluons U,(x): link between sites
—t Y(z) g

Y EXxpectation value of observable O(¥, 1, U)
(O, 9, U)) = — Z oD~ U;) + 0(1/VN)

quark propagator D 1[U, mq], quark mass my
Monte Carlo simulation
gauge configuration U; generated with proper probability
each U; generation needs O(10%) DU, mg]
D[U,m,] = O(10°) x O(10°) matrix when L =T = 102

mqg — Small = computational time — long

Large computational resource necessary



Lattice QCD

Simulation parameters: mx(my, 45), L> x T, a
mx. PION Mass (pion = lightest composite particle of quarks in QCD)

Lattice QCD—QCD need my; = mP™®, L >6/my, a — 0

unphysical my (m2hs = 0.135 Gev): cost o my 2~

(depend on solver algorithm of D=[U, m,])

traditionally extrapolate to mP"Ys with several data at larger m,

finite L: cost o L3T
finite L effect is negligible in L >6/mx

finite a: cost oc a—(2~6) (depend on Monte Carlo algorithm)

need several data in small a for a — 0

main systematic uncertainty in lattice QCD



pre-PACS10 project

History of lattice QCD Collaboration in University of Tsukuba

Collaboration CP-PACS CP-PACSHJLQCD PACS-CS PACS
Main resource CP-PACS Earth Simulator PACS-CS, T2K KT
Ny 0 2 2+1 2+1 2+1
my [GeV] > 03 | >0.5 > 0.6 > 0.156 0.146
L [fm] 3.0 2.5 2.0 2.9 8.1
a [fm] > 0.05| >0.1 > 0.07 0.09 0.08
a—0 O O O
year ~2002 ~2006 ~2009 ~2015
Ny=20 no dynamical quark effect
Ny=2 dynamical quark effect for u,d

Ny =241 dynamical quark effect for u,d,s
mPYs = 0,135 GeV
TMEXT SPIRE Field 5 Subject 1

pioneering study in each period



PACS10 project since 2016

Project PACS10 pre-PACS10

Resource OFP K

Ny 2+1 2+1

mr [GeV] 0.135 0.146
L [fm] 10 8.1
L3.T 1284 160% 2567 96+
a [fm] 0.08 0.06 0.04 0.08
a— 0 O

OFP node 256 512 2048 —
status done almost done running —
Name PACS10-1 | PACS10-2 | PACS10-3 K conf

Purpose

Removing all main systematic uncertainties in lattice QCD

using three ensembles at physical m; on (10 fm)# volume



Results of PACS10 project

precise determination of physical quantity from lattice QCD

I. quantitatively understand property of hadrons (mass, size, etc.)
reproduce experimental values with high accuracy

hadron = composite particles of quarks, e.g. mesons (r, K,---) and nucleon (proton, neutron)

II. search for new physics beyond the standard model
discrepancy between theoretical calculation and experiment



Results of PACS10 project

precise determination of physical quantity from lattice QCD

I. quantitatively understand property of hadrons (mass, size, etc.)
reproduce experimental values with high accuracy
hadron = composite particles of quarks, e.g. mesons (r, K,---) and nucleon (proton, neutron)

1. Light meson electromagnetic form factors

2. Nucleon form factors
Finite volume effect PACS10-1 and (5.4 fm)3: [arXiv:1807.06237]

II. search for new physics beyond the standard model
discrepancy between theoretical calculation and experiment
3. Kaon semileptonic decay
4. Muon anomalous magnetic moment

Results from PACS10-1 and PACS10-2 configurations
All results are preliminary.



1. Light meson form factors by J. Kakazu

1
Electromagnetic form factor F(Q?) =1 — 6Q2<r2) + -
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<r2> mean square charge radius, Q2 momentum transfer
F(Q?) # 1 — hadron has internal structure.

advantage of PACS10: smaller ¢2 due to

pion: agree with the experiment
kaon: agree with experiment within 1.5¢0

kaon
: | |
-- experiment
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1. Light meson form factors by J. Kakazu
1
Electromagnetic form factor F(Q?) =1 — 6Q2<r2) + -

<r2> mean square charge radius, Q2 momentum transfer
F(Q?) # 1 — hadron has internal structure.

comparison of (7“727) comparison of <r%(>
0.45
n experiment
02| ETMC N=2+1+1 i
0.5+ [1 JLQCD N=2+1 T experiment
! /\ HPQCD N=2+1+1 0.4 ] JLQCD N=2+1 |
0.48|- X Mainz N.=2 + @ PACS10-1 N=2+1
S <> PACS-CS N;=2+1 S ®
E 046 ETMC N,=2 % 0.35 | i
AT 1 T 7 RBC/UKQCD N;=2+1 N
v oM Y @ PACS N=2+1 K conf v I |
042 1 é ® @ PACSN=2+1 PACS1O-1
' Y ] 0.3 |
0.4} i i i |
026 * Preliminary| Preliminary

[experiment from PDG18]

pion: agree with the experiment and other lattice results
kaon: agree with experiment and closer to another lattice result

will investigate systematic errors



2. Nucleon form factors Nucleon: proton p and neutron n

Proton size puzzle

2
.. q
Proton charge radius: Gg(¢?) =1 — E<T2>E + O(q*)
up 2013 + —l— electron avg.
M4 hydrogen .
Lamb shift ® scatt. JLab ep scattering
up 2010 | ® scatt. Mainz
1 H spectroscopy Hydrongen Lamb shift
s o8 oss 086 o8 F R YT R T

Proton charge radius R . [fm]
Cl

[Arrington, arXiv:1506.0087 3]
Slide from S. Sasaki in QCDdownunder2017

(r2) p differs in u-proton and e-proton experiments.

Several experiments proposed to resolve this puzzle
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3. Kaon semileptonic decay

Standard model predicts
Ackm = [Vial? + |[Vas|? + [Vip|2 =1 =0

Vi;: Cabbibo-Kobayashi-Maskawa matrix element

if Ackm # 0O, signal of new physics

1V,ql = 0.97420(21) nuclear 8 decay [PoS(CKM2016):028]
V5| = O(1073) B meson decay

Determination of |V,s| using lattice QCD

Experimental result of K — wlv decay (I: lepton, v: neutrino)
[Vus| f4(0) = 0.21654(41) [PoS(CKM2016):032]

K13 form factor f4 (0) from lattice QCD calculation — [V
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3. Kaon semileptonic decay (PACS10-1) by J. Kakazu

K13 form factors: fy(g?) and fo(¢?), f1(0) = fo(0)

1.1

1.05

0.95

0.9

f1(g?) and fo(q?)

Nl I
\
N

w O f(q)
o~ ) O f(q) i
e \ & f(0)=f0)

~a, ®, . ]

— -CD . \'\\m\ i

B
i . e
- Preliminar B,
! . ! i i

-0.1 -0.05 0

q°[GeV’]

0.23

0.228

0.226

0.224

0.222

Our |Vus| agrees with Ackm =0

comparison of |Vys|

IV

us

A4

|

i

o ETM Nf=2+1+1

0 FNAL/MILC N =2+1+1
JLQCD N=2+1
RBC/UKQCD N=2+1

& FNAL/MILC N=2+1

v ETM N=2

* Acgm=

¥ PDG semileptonic

3 PDG leptonic
m PACS N=2+1 semileptonic

¢ PACS N =2+1 leptonic

g

Preliminary :

and another determination of |Vis| (leptonic decay K — lv).

will investigate systematic errors for final result

14



4. Muon anomalous magnetic moment

figure and values from PDG18

L L I L L ) B N L L B O
I

2008 —e— P = 116592091(63)x10 11
—— a$M = 116591823(43)x 10711
——  af® —aSM = 268(76)x 10711
DHMZ 2017 e ' SM: Standard Model
o 3.50 difference = New physics?
BNL-E821 (orid average) H

0+63
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Need to check more precisely

— g&Xp
a, a,

Experiment
1 1
FNAL(US) and J-PARC(Japan): — ~ 7 error in ~2020
Theory
Main uncertainty from leading order Hadronic Vacuum Polarization

aﬂvp — 6931(34) x 10~ 11 by phenomenology
desired Lattice QCD calculation for new physics search
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Summary

PACS10 project

Removing all main uncertainties in lattice QCD
my = 0.135 GeV, L =10 fm, a = 0.8,0.6,0.4 for a — 0

Encouraging results obtained from PACS10 configuration
— charge radius for =, K, N

— new physics search from |Vys| and ay

Future works

— finish PACS10-3 generation

— precise physical quantity for stable hadrons [arXiv:1807.06237]
mass, decay constant, charge radius, ---

— multi-hadron systems
scattering, strong and weak decays, nucleus, ---
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