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QCD+QED

e QED was the first Quantum Field Theory
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e Lattice QCD results are becomming very precise,
e.g. err(fr),err(fx) ~ 1%, err(f./fx) ~ 0.5%. QED effects may not be negligible.

e Although QED part could be treated perturbatively (e.g. hadronic vacuum poralization
in (¢ — 2),), not all of problems in QCD+QED system are conviniently solved by
non-perturbative + perturbative treatments.

e A ground work towards (g — 2), hadronic light-by-ligh diagram [T.Blum’s talk]

elastic scattering amplitude
of two photons by QCD
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Isospin symmetry

e In 1932, Werner Heisenberg introduced Isospin to explain g dl
the newly discovered particle, Neutron.

e Neutron’s mass is nearly degenerated to Proton.

e Strong interactions of Neutron are almost equal to those
of Proton. foc

¢ In the contemporary understanding, isospin symmetry is the SU(2)y x SU(2) 4 flavor
symmetry between up and down quarks.

(Z) — exp{i(0% + i0%) 7"} (3)

proton neutron
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Isospin Breakings

e The effect of isospin breaking due to electromagnetic (EM)
and the up, down quark mass difference has phenomeno-

logical impacts for accurate hadron spectrum, quark mass
determination.

e Isospin breaking’s are measured very accurately :
my — mp = 1.2933321(4)MeV
m_+ —m_o = 4.5936(5)MeV,

M+ — Mo = —3.937(28)MeV,

(attractive)

e The positive mass difference between Neutron (udd) and Proton (uud) stabilizes

proton thus make our world as it is.

e One of the limiting factors for the precise understanding of nature from the current

lattice QCD, especially so for u,d quark masses. [MILC 2004]

e m, = 0 is considered to be a possible solution for Strong CP problem

(but also see [M. Creutz] ’s arguments).
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QCD+QED lattice simulation

e In 1996, Duncan, Eichten, Thacker carried out SU(3)xU(1) simulation to do the EM
splittings for the hadron spectroscopy using quenched Wilson fermion on ™! ~ 1.15
GeV, 123 x 24 lattice. [Duncan, Eichten, Thacker PRL76(96) 3894, PLB409(97) 387]

e Using Npr = 2 4+ 1 Dynamical DWF ensemble (RBC/UKQCD) would have benefits of
chiral symmetry, such as better scaling and smaller quenching errors.

e Especially smaller systematic errors due to the the quark massless limits,
mys — —myes(Qi), has smaller @Q; dependence than that of Wilson fermions,

k= Ke(Qy).

e Generate Feynman gauge fixed, quenched non-compact U(1) gauge action with
Boep = 1. UMEM = exp|[—1tAemp(T)].

e Quark propagator, S, (z) with EM charge Q; = g;e with Coulomb gauge fixed wall
source

DU x UV S, (%) = byre, (i = up,down)

Qup = 2/37 ddown — _1/3
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photon field on lattice
e non-compact U (1) gauge is generated by using Fast Fourier Transformation (FFT).
Feynman gauge with eliminating zero modes. Static lepton potential on 16° x 32
lattice (Borp = 100, 4,000 confs) vs lattice Coulomb potential are shown.

e In our quenched QED simulation, QED coupling e is set by the static Coulomb potential
in infinite volume limit to be,

e? 1
V(r) = —— = 1/137, e = 0.30286
4 r

e Finite volume effects is checked by two volumes. dynamical QED (running coupling)
will be intorduced by reweighting.

Coulomb potential V(r)-V(1) Finite size effect
neU(1) simulation vs FFT prediction at beta=100
————
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Measurements

lat migeq Moyl Trajectories A  Nyeas tore
16>  0.01 0.01, 0.02, 0.03 500-4000 20 352 4,20
163 0.02 0.01, 0.02, 0.03 500-4000 20 352 4,20
163 0.02 0.01, 0.02, 0.03 500-4000 20 352 4,20
243 0.005 0.00{1,5}, 0.0{1,2,3} 900-8660 40 195 0

243 0.01 0.001, 0.0{1,2,33 1460-5040 20 180 0

243 0.02 0.02 1800-3580 20 360 0,16,32,48
243 0.03 0.03 1260-3040 20 360 0,16,32,48

e Nr = 2+ 1 DWF QCD ensemble generated by [RBC/UKQCD, PRD78:114509(08), in
prep. ]

o a ' =1.784 (44) GeV, V = (16a = 1.76 fm)” and (24a = 2.65 fm)?

o my = 0.0001 (~ 9 MeV), 0.005 (~ 22 MeV) , 0.01 (~ 40 MeV), 0.02 (~ 70 MeV), ,
0.03 (~ 100 MeV)

o Myes = 0.003148(46) (~ 8.9 MeV)

e In total, ~ 200 charge/mass combinations are measured.
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O(e) error reduction

e On theinfinitely large statistical ensem-
ble, term proportional to odd powers of
e vanishes. But for finite statistics,

(O), = (Co) +(C1) e+ (Cy) e+ -

(Ca,—1) could be finite and source of
large statistical error as ¢*" ! vs e".

e By averaging +e and —e measurements
on the same set of QCD+QED configura-
tion,

S1(0)H(0) ] = (Cu)+(Ca) 4+

O (e) is exactly canceled.

e More than a factor of 10 error reduction,
corresponding to X100 measurements
by only twice computational cost (vs
naive reduction factor v/2).
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EM splittings
e Axial WT identity with EM for massless quarks (INp = 3),

Lem = eAemu(m)(erm'YMQ(x)a Qem = diag(2/37 _1/37 _1/3)

U oaa . — a 7 « 2 a UV
o AM — ZeAem,LLQ[T ’ Qem]'Y Y549 — %t’l” (QemT ) FemFemw/,

neutral currents, four .Af(x), are conserved (ignoring O(a?) effects):
70, K° KO, ng are still a NG bosons.

o ChPT with EM at O(p*, p*e?) :

C
MQi = 2mBgy + 2e% +O m> log m, m> + I062m logm + Koe2m
e fg

Mi() = 2m By —|—(’)(fm2 log m, m2) + Iie’*m log m + Kie’m

Dashen’s theorem :
The difference of squared pion mass is independent of quark mass up to O(e*m),

C
AMi = Mfri — Mfro = 262? + (I+ — Ig)e2mlogm + (K1 — K0)62m
0

C, K4, Ky is a new low energy constant. I, I is known in terms of them.
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SU(2)+ Kaon+EM ChPT Fit

Mf{ - M’ — 4B(Asmq + As(ma + ms))
1e? (2 (Aél’l) n Aé2,1)) n A(s 1 1) _|_ 2A(s )q1q3)

2
e Xls
__C (AGD 43421y ,2 A( 2) ) Z .1

+e’my (xéK)((h +g3) 4+ (1 — ¢3)° + 2 (] — qg))
mq + m
+e . 5 > (xéK)((h + Q3)2 + aﬁgK)((h — 613)2 + wéK)(CI% — q?,))

+€25mres(qz + qg)a

e EM splitting NLO/LO is still large (~ 50% at m, = 40 MeV) for Pion
but small (~ 10% at m, = 70 MeV) for Kaon. But quark mass determination is stable
under NLO correction.

e An accidental flat direction of x? function in our data set (degenerate light quark) :
increase light mass range (ml < 0.02) or fix QED NLO LEC to zero to see the effects
on quark mass (included in systematic error).
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o Left: Pion fit, @d, wu, dd from top. SU(2) fit is in solid curve and dashed curve is SU(3)

fit.
e Right: Kaon fit for various charge combinations.

e Infinite volume fit formula are shown.
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MILC-EM-ChPT

[L. Levkova’s talk]

M2 (a,=2/3.q,=—1/3) — MZ,(q=0)

0.02 —

2
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e NLO correction to the
Dashens’s theorem :

Agw = (Mas—Mio) /(M2 —M2)
o Ay = 0.65(17) (MILC 2012)

Stat. error only.

e c.f. Blum 10,:
~ 0.75(5) for SU(3),
~ 0.63(5) for SU(2)

e Smaller FV effects

13



Quark mass determinations

e Using the LECs, By, Fy, L;, Cy, Y;, from the fit, we could determine the quark masses
Mup, Mdwn, Mstr DY the solving equations [PDG] :

M_+ = Mps(mup, 2/3, Mawn, —1/3) = 139.57018(35)MeV
M+ = Mps(mup, 2/3, mstr, —1/3) = 493.673(14)MeV
M 0 = Mps(mgwn, —1/3, mgr, —1/3) = 497.614(24)MeV

e (myp — Mmawn) is mainly determined by Kaon charge splittings,

2C
M+ — Myo = Bo(mup — mawn) + — (a0 - g3)” + NLO
0

o 7Y mass is not used for now (disconnected quark loops).

e The term proportional to sea quark charge, —Y 1 (Q-x13, is omitted. We will estimate
the systematics by varying Y;.
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Quark mass from QCD+QED simulation
[PRD82 (2010) 094508 [47pages]]

m, = 2.244+0.10£0.34 MeV
mg = 4.65+£0.154+0.32 MeV
ms = 97.6+2.9+55 MeV
mg—m, = 2.411+0.065=+0.476 MeV
My = 3.44+0.12+ 0.22 MeV
my/mgqg = 0.4818 + 0.0096 + 0.0860
Mms/Myq = 28.31+0.29 +1.77,

e MS at 2 GeV using NPR/SMOM scheme.

e Particular to QCD+QED, finite volume error is large: 14% and 2% for m,, and my.
e This would be due to photon’s non-confining feature (vs gluon).

e Volume, a?, chiral extrapolation errors are being removed.

e Applications for Hadronic contribution to (¢ — 2), in progress.
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PACS- CS [arXiv:1205.2961[hep-lat]] (N. Ukita)

Table summarizes our results for quark masses renormalized at p=2GeV.
We neglect the QED corrections to the renormalization factor.

Figure shows a ratio of K° to K* propagators clarifying

K°-K* mass difference, which is consistent with the experimental value.

Mt —  137.7(8.0) [MeV]
M+ = 492.3(4.7) [MeV]
Mo = 497.4(3.7) [MeV]
mygo —mg+ = 4.54(1.09) [MeV]
mM> = 2.57(26)(07) [MeV]
A —  3.68(29)(10) [MeV]
S —  83.60(58)(2.23) [MeV]
mMS = 3.12(24)(08) [MeV]
M /M4 —  0.698(51)

Ms/Mua = 26.8(2.0)

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012
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WEIGHTED AVERAGE
2.27+0.14 (Error scaled by 2.1)

’

( PACS-CS
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LATT
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Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

2

X
1.2
0.0
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10.1

1.2
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7.2

26.3

(Confidence Level = 0.0002)

WEIGHTED AVERAGE
4.78+0.11 (Error scaled by 1.0)
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| | | | J
3 4 5 6 7 8
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e New results from [BMW] , smeared-Wilson clover.

LATT )
LATT Xz
LATT 0.1
LATT 0.0
THEO 1.7
THEO 0.0
THEO 0.0
LATT 1.6
THEO _ 0.6
4.1

Values above of weighted average, error,
and scale factor are based upon the data in
this ideogram only. They are not neces-
sarily the same as our ‘best’ values,
obtained from a least-squares constrained fit
utilizing measurements of other (related)
quantities as additional information.

(Confidence Level = 0.665)

e New results from [PACS-CS] . On physics point, quenched QED + QED reweighting, as
well as m, # my effects, Ny = 1+1+1 colover-Wilson simulation.

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012
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Error budget

e Statistic error is small, especially for ratios.
e Chiral fit error: m, < 40 or 70 MeV (M,s; < 250 or 420 MeV).

e Finite Volume Effect by comparing (1.9 fm)? and (2.7 fm)°.

AEM 2 |
PS(CX)) V-S.M — 1.10 .
ABMME (L~ 1.9 fm)|, g

FV ChPT overestimate the FV effect. Generally quark masses are stable against
AMps ~ 0(10) %. (M_+, M+, Mo inputs)

stat. err (%) fit(%) fv(%) O(a®) (%) QEDgnch(%) renorm(%)

My, 4.5 +4.0 +14 4 2 2.8

my 3.3 +3.6 -2.5 4 2 2.8

My 3.0 +0.2  +0.1 4 2 2.8
Mg — My, 2.7 +7.8 -17 4 2 2.8

Mayd 3.5 +2.8  +2.7 4 2 2.8
My /My 2.0 +5.5 +16 4 2 -
M/ Mayd 1.0 +3.0 -2.6 4 2

e QED Z,, O(a) ~ 1%. Error of m3*® ~ 2 %.
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Isospin violation in PS leptonic decays

[discussion with A.Juttner, C.Sachrajda, G. Colangelo, L. Lellouch @LGT10, CERN]

e fx/fr is getting very precise:

fr/fr = 1.193(6) [0.5%] [WA by FlaviaNet Kaon WG 2010]

e CKM matrix elements ratio from charged « and K leptonic decay widths:

DKt = () Vil | 2 m(1 = m/m3)?

= X X (146 )
T S 0007) Va2 2 (@ —m2jm2yz < (Hosve + 0w

e At which quark masses, f. and fx should be computed ?

e fx: Should light quark mass be m, or m,q = (m, + myq)/2?
My /Myg ~ 0.6 — 0.8

e f.:Is the m mass shift from EM effect totally removed by &gy ?
m? = 135 MeV vs m* = 139 MeV ?

e Which is the best way to correct isospin breakings in the |V, /V, 4| extraction ?

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012
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FK vs mx
mMs=0.03, mh=0.04

I l I l I l I l I l - l I l I l I H

0.105(— >

0.085—
0.1 i

0.084 -
0.095
. 0.083 ) -
0.09 8

4

0.085 BN _
| 0082 & -
oogb— 1L+ 1 o 1 1y B2 oy L T
' 0 0005 001 0015 002 -0.003  -0.002 -0.001 0

o K1 = 5u (light sea quark mass: m;, light valence quark mass : m,)
o fxk @m; = m; = myq: 149.6(7) MeV

o fKk@my = 0.TMyq, M; = My : dsy(2)/2 ~ -0.15% vs the WA error, 0.5%

o fx @m; = my = 0.7myq : [-0.904%]

e ChPT analysis [Cirigliano, Neufeld 2011] says Fx/F, would shift -0.22(6) % from
(m, — mg), While it was found to be - 0.39(4) % in Lattice study [RM123, 2012] .
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EM effects on PS decay (very preliminary)

foo vs -9(ql * q2)

32cube Iwasaki ml=mx=0.008
2
T [ T [

Very preliminary
1.5+

Mpi = 420 MeV
- (2/3.2/3)
1
Pi+
(2/3,-1/3)

(2/3 -1/3)

fr4(ql.q2) -1,.(0,0) [MeV]

(1/3 1/3) \ / 2/3 2/3)

(1/3, 1/3) ==

e Statistically well resolved
(101 measurements)
by the +e/ — e averaging.

e c.f. [Bijnens Danielsson 2006]

e our preliminary results
are smaller. Note heavy M,

O | 1 1 1 |
4 -2 0 2 4
EM replusive

e Decay constants with EM turned on, but m, = my :

St /)2

e Wall-point 2pt (A4(¢t)P(0)) and (P(t)P(0))

o Iwasaki DWFNp = 2 + 1 32° x 64 ~ (2.7 fm)?,

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012

a1l ~2.3GeV, m; = m, = 0.08.
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Baryon mass splitting in Np =2,2 41

e [A. Walker-Loud et. al] : new estimation for QED effects
e [R. Horsleyet. al (QCDSF-UKQCD)] , octet baryon splittings due to (m, — mg)
e Very preliminary N-P splitting with Iwasaki-DSDR lattice Ny = 2 + 1 DWF (4.6 fm)?

(qu — qq) effect
(mup — mawn) effect

2 »— Walker-Loud et al. 2012 [T 0
*— Cottingham formula 0 b\
- 3 -
* Nf=2 (1.9 fm) 20|
154 | = Nf=2+1 (1.8 fm)’ - a0l
= ® Ni=2+1 (2.7 fm)’ 2 Ll
S || | 2 Nf=2+1 @6fm)’DSDR| & | <
E ] =2+1 (4.6 fm) B £ 50|
g 1 i E g0 |
|Q _" ! : i
E i '70 B
AT ¢ _
| | _90 1 1 1 1 1
0 10 20 30 40 50 60
0 | ] | ] | ] | ] | ] | (md'mu)/zm (MeV)
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= NPLQCD 2.26
u e BLUM 2.51
@:b __ RM123 2.80

A QCDSF-UKQCD  3.13

2.68(35) 0.54(24)
— My — M,| = 2.14(42) MeV
(experiment: 1.2933321(4) MeV)

e Also EM correction to €2~ meson is found to be 1.26(6) MeV (statistical error only)
(preliminary)
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QED reweighting

JT. Ishikawa et al. arXiv:1202.6018]
Full QED (+QCD) from quenched QED (+QCD)

[ Duncan et. al. PRD72 094509(2005) ]

by computing the reweighting factor:

det D[Uqgcp x €44
Al =
w[UQCD7 ] det D[UQCD]

on the dynamical QCD configuration

O( 2 ) [A. Hasenfratz et.al. PRD78 (08) 014515,
€ M.Luscher F.Palombi PoS(LATTICE 2008)049
PACS-CS PRD81(10) 074503]

Stochastic eval. via Root trick [T.Ishikawa et. al. 2007 ]

n

det Q = (det /™)™ = [J(e=& @ "=y,

1=1

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012
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Disconnected diagrams in HLbL

m Missing disconnected diagrams

® O

m The second quark loop could be automatically
evaluated as sea quark effect, if the sea quark
electric charge effect is taken into account

— QED reweighting (or dynamics QCD+QED)

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012
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u[m=0.01, q=+2e/3] d[m=0.01, q=-e/3] : m=0.01, m_=0.04, 96 hit

H—ee— ]l

3 .
167x32, m=0.01, m_=0.04, e=0 --> e=te te=e o 96 hit e=+e e=-e e=+e + e=-e
8 ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T T ‘ T | | T ‘ T 7T T ‘ T T T T ‘ T T 7T ‘ T T T ‘ T
7 | 3 e unreweighted 1r b
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6l _|
S 7] @ N _ T+dL _ T+d1 |
- a ®© T . T =+ T T
A 1S - = T T
§ 4= 1 £0251- ruls \alm 118+
; - N *6 ji ji 4 4
L I _— | :?—‘]é —— |

O L L L L by e by cle e Ly 1y
%00 1ooo 1500 2000 2500 3ooo 3500 4000 027 % 10 15 5 10 15 5 10 15
traj t t t
u[m=0.01, g=+2e/3] d[m=0.01, gq=-e/3] : m=0.01, m_=0.04, 96 hit
e=te . o e=-e, e=te,  te=-e,

0-02\‘\\\\‘\\\\\ \\\\\‘\\\\\ \‘\\\\‘\\\\‘\

e 24-th rootx 4 hits

0.01— | E ® Sea Charges qu = 2/3, dd — (4s — —1/3
T ¥ 1 for m, = my

Hi i e Size of the sea charge LEC, Y3, is roughly
a ball park of other LEC, consistent with
systematic error estimate.

reweighted - unreweighted
o
e
-~
—e—
—
%
%
f I {
Il % Il
T T L
—
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F—ro—
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f——o—
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» Full QED effect on PS meson correlator
C(t)les = epnys]

(mvl ) QUl )

(mU27 QU2)

1x10° |

1x10* ——

| (0.01,+2/3)
| (0.03,-1/3)

— w/o reweighting i
—  wreweighting|

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012
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» Separating the terms
- A set of transformations
Ti: (mi,qi;ms,q3) — (M3, q3;m1,q1),
T2 : (m1,q1;ms,q3) —> (M1, —q1;m3, —gs),
o

7.3 : (m17Q1;m37Q3) (m37_Q1;m17_Q3)'

e.g. SU(2) formula 75 —even
To —odd &
T3 —even
To —odd &
Ts —odd

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012
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» Separating the terms

- The hierarchy problem is resolved and the difficulty of multi
parameter fit is reduced using even/oddness of the

transformations.
2
actual data: mz  (mq,ms) = (0.01,0.03)
total T2-even T2-odd, T3-even T2-odd, T3-odd
L B AT B R T
L S R S - L
B 1= 1+ 1 — B i
e 3 0 F 3 WE gy 10E 3
10° — — 10° — — 10° — 4 10k —

~
more than 10? x suppressed
(as expected)

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012
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» ChPT fit
e.g. SU(2) ChPT fitto esey (T3—even) data

T T | T | T
. 2 2
e.e, (T,-even) termin AM. .~ (GeV)

45107

3x107°

25107

1x10°

0 ______________________________________________

sl am, = 0.010
Ax10° - | s
- | A am, = 0.020
2x10° [~ | % am, = 0.030
I . l . | . | .
0 0.01 0.02 0.03 0.04
a(m1 + mres(QCD))

- Infinite volume formulae are used, because quark mass parameter in this
study is not so small that finite volume effects are significant.

- Only minimal set of data with smaller valence quark masses is used in the
each fit.
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» QED LEC’s

SU(3) ChPT SU(2) ChPT
uncorr corr uncorr corr

10°C' (qQED)| 2.2(2.0) - 18.3(1.8) R
10°C 8.4(4.3)  8.3(4.7)  20(14) 15(21)

10°Y; -5.0(3.6) -0.4(5.6) —~ =
10°), -3.1(2.2)  -0.2(3.4) -3.0(2.2) -0.2(3.4)
107 -~ - -2.6(1.6) -3.3(2.8)
10*K - - -3.1(6.9)  -3.7(7.8)

SU(3) V1 = Y1trQ§<3>

V= Yltng(Q) + Yll (trQs@))Z + Y1//QGtrQs(2)
SU(2) J = JtrQg2) + J'qe
K = JtrQy2) + K'gs

To fully obtain LEC’s in SU(2) ChPT, at least 3 independent
combinations of sea quark EM charges are required.
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» QED LEC’s

Taku lzubuchi,

or
103 . :
103
1078
10,2
187 qQED (SU@3)chPT) (7 ZE %) fQED (SU(3) ChPT)
-8
10
Yo Y3 Y, Ys C C Y1 W
107
BE
100 -
107s
10,2
]8-7 qQED (SU(2) ChPT) fQED (SU(2) ChPT)
8
10

consistent : quenched QED «— full QED (reweighed)
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PACS-CS (N. Ukita) QED reweighting [arXiv:1205.2961hep-lat]]

U(1) gauge confs are generated on a 643x128 lattice and are averaged inside the 24
cell to reduce local fluctuations.
- Reweighting factor : square root trick |D’'/D| = (|D’/D|?)%?,
426(=400+26) determinant breakup [Hasenfratz et. al, 2008],
12 noises for each breakup,
block solver = factor of 3~4 speedup,
1) 400 breakup for U(1) charges + quark masses near the physical point,
2) 26 breakup for final tuning of hopping parameters to the phys. point.

- Hadron measurement : 16 source points for each conf.

013 I N B T T T T T T T T T T 1 T T T T T T T T T T 1

| / sk 1 03101 T e
m-«+/m.- ’ . i
0.2 o U+ o Tl ] II1K+/HIQ ] o8k ° mKo/mQ- ]
— experimant , ~— experimant| | I - experimant
0111 - ok i 0306 4
| , b 1 K]

0300 - 0304 4
0.10— } - [ 1 1 [ } 1
| o0 - 0302} B
009 } SRR R NP SR U AR NN IS O A A 04300; -
}}}}}}} 034 ] 0.298; } } } };
008 e N I ) e AN T S SESLF Sy S’ (ol BReS
0292+ B [ ]
L . L 1 0.296 — T
007k - 0BF N I 1
r 1 0.294 *
0288 - L ]
oo A—r»dt 111 1Ll T O O O N IR N ORI ) 7

1 2 3 4 5 6 ‘7 8 9 0 11 12 0.286 | ) 3 s 5 5 7 3 9 TEETET) 11 ; é }1 15 é ; é (1) 110 lll 112

# noise # noise :
# noise
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Conclusions

e Isospin breaking studies are interesting and inevitable as precision of lattice QCD is
improved.

e Other interesting quantities ?

D,B meson mass

7’ —n —n' and p — w mixings
K;3

70 — ~~ [X. Feng’s talk]

K — wmand AI = 1/2 rule

o Lattice QED +QED is also a ground work for (g — 2), Hadronic light-by-light
[T.Blum’s talk]

e Statistical error reduction techniques are important for Lattice QED+QCD simulations:
All Mode Averaging (AMA) [E. Shintani’s poster]
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Origins of Isospin breaking in Kaon
o Reason why the iso doublet, (K*, K°), has the mass

splitting
M+ — Mo = —3.937(29) MeV, [PDG] @ @
(Mgwn — muyp) : makes M+ — M .o negative. @ @
(qu — qd) : makes ‘Z\4K+ — MKO pOSitive' Charged Kaon Neutral Kaon

(repulsive EM) (attractive EM)

e Using the determined quark masses and SU(3) LEC, we
could isolate (to O ((muyp—mawn))) €ach of contributions,

’ M&S(mUpa 2/37 MMstr, _1/3) T MP2$(mdwn7 _1/37 Mstr, _1/3)
=~ 25(mupa 0, mestr, O) — MP2$(mdwn7 0, mestr, O) [AM(mup — mdwn)]
+MPQS(mud7 2/3) mud7 _1/3) T MPQS(mud) _1/37 Mestr, _1/3) [AM(qu — Qd)]
. AM (myp — Mgwn) = -5.23 (14) MeV [133(4)% in AM?(mup — mgwn)]
AM(qu — qa) = 1.327(37) MeV [-34(1)% in AM?(q, — qq)]

Also SU(3) ChPT, AM (mup — mawn)=-5.7(1) MeV and AM (gu — q4)=1.8(1) MeV.

e Similar analysis for 7 is possible, but facing a difficulty of isolating sea strange quark
terms. m_+ — m.,_o.» = 4.50(23) MeV (experiment: 4.5936(5) MeV)

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012 37



Why lattice QED ?

e Since QED is weakly coupled, o« = 1/137, the perturbation theory works well. One
could extract the necessary quntities as QCD’s matrix elements

(m(2)m(y))qepsaep = (7 (2)7(Y)) g+ / d'q(m(2) V(@) Vil )7 (1)) qep G (@) + - -

from which the QCD+QED physical observables would be obtained.

e Rather, we computed for full non-perturbative lattice QCD+QED system

<7T(90>7T(y)>QCD+QED

because of computational costs and higher order O(e?) (see later A-Seq. method), its
own interesting features, and as an exercises for (g — 2),, light-by-light calculation.

e Lattice QED has problems

e Finite volume effects from photon
e Landau ghost (but «(0) = 1/137 vs a(my) ~ 1/128)

which will not be cured by switching the method to the QCD matrix element calculation.
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Other considerations and quantities

e A-Sequential source method. Compute each term of propagator in the e expansion.

S(e) = S(0) + ieS(0)AS(0) — e*S(0)AS(0)AS(0) — e*S(0)(A)*S(0) - - -

1 1
=
e 01G2
2 2

make the contraction to desired orders of wanted diagrams piece by piece.

1
G(t;q1,q2) =
B
1 1 1 1 L, L
o2 . QIQ@ eﬁ@ QS@ e cﬁq@ ChQ@
5 B B 2 9

*No O(e*" ™) noise to disturb O(e®"), can skip diagrams of lower orders
than the target.

* Value of q and e could be determined off-line.

* # of solves are equal or less up to O(e*), compared to the original
methods, needs five solves (¢ = 0, +2¢/3, Fe/3).

* Could use the e = 0 Eigen values/vectors.
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e Various checks to make sure we understand systematics in light-by-light.
e The computation of quark propagators with EM will be shared among various quantities.

o O(a, a?) : Vacuum polarizations IT,,, = (V,, V) include the disconnected quark loops,
which include. [Christopher Aubin’s talk]

e Quark condensate magnetic susceptibility (go,.q), = ex (qq), I, to constraint the
short distance of m — v — ~ coupling
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EM splittings
e Axial WT identity with EM for massless quarks (INp = 3),

Lem = eAemu(m)(erm'YMQ(x)a Qem = diag(2/37 _1/37 _1/3)

U oaa . — a 7 « 2 a UV
o AM — ZeAem,LLQ[T ’ Qem]'Y Y549 — %t’l” (QemT ) FemFemw/,

neutral currents, four .Af(x), are conserved (ignoring O(a?) effects):
70, K° KO, ng are still a NG bosons.

o ChPT with EM at O(p*, p*e?) :

C
MQi = 2mBgy + 2e% +O m> log m, m> + I062m logm + Koe2m
e fg

Mi() = 2m By —|—(’)(fm2 log m, m2) + Iie’*m log m + Kie’m

Dashen’s theorem :
The difference of squared pion mass is independent of quark mass up to O(e*m),

C
AMi = Mfri — Mfro = 262? + (I+ — Ig)e2mlogm + (K1 — K0)62m
0

C, K4, Ky is a new low energy constant. I, I is known in terms of them.
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ChPT+EM at NLO

e Double expansion of Mg(m1, q1; ms, q3) in O(a), O(m,).
QCD LO:
Mpgs = x13 = Bo(m1 + ms3)
QCD NLO:  (1/F2x)

(2L6 — La)xis + (2Ls — Le)xasxai + x13 »,  Rixrlog(xi/AY),
I=1.3,m,m

QED LO: (Dashen’s term)
2C
Fy

QED NLO:  (Q2 = " gaea_» N0 Q1 in SUB) N )

(Q1 — CI3)2

—Y1Qox13 + Ya(gix1 + a5x3) + Yadisx1s — Yiqigsx13 + YaqisX1

2\ 2 5 2 5 2
+x131og(x13/ A )13 + B(X~, X135 X13)d13X13 — B1(X~, X135 X13)d13X13 + - - -

e QED LO adds mass to = at mq = 0, QED NLO changes slope, By, in m,.

e Partially quenched formula (msea # mval) SU(3)n . [Bijnens Danielsson, PRD75 (07)]
SU(2) v, +Kaon+FiniteV [Hayakawa Uno, PTP 120(08) 413]  [RBC/UKQCD] (also [
C. Haefeli, M. A. lvanov and M. Schmid, EPJ C53(08)549] )
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SU(3)+EM ChPT LEC

[R. Zhou] [Bijnens Danielsson, PRD75 (07)]

e By fitting charge splitting

5M2 — MPQS(mla qi; M2, q2; ml) - MPQS(mla 07 ma, 07 ml)

by SU(3) ChPT+EM formula at NLO, 3 QCD LECs (1 LO + 2 NLO), 5 QED LECs (1 LO + 4
NLO) are determined.

e Requiring mq,ms3,m; < 0.01
Mps(m1, q1; ma, g2; my) are used in the fit (to see NNLO effects).

(0.02),

58

(124) partially quenched data for

e Finite volume effects are observed by repeating the fit on (1.8 fm)® and and (2.7 fm)>.

0.0016

0.0014 -

0.0012 -
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0.0004

0.0002

0

243 |at. fit range 0.005-0.01
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T T
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Quark mass results

e MS at2 GeV, using NPR, RI-SMOM,, scheme2 [C.Sturm et.al PRD (09) 014501, Y.Aoki,
PoS LAT2009 012, L. Almeida C.Sturm arXiv:1004.4613, P.Boyle et. al. arXiv:1006.0422,

RBC/UKQCD in prep.] as a intermediate scheme. (10% — 5% — 2,3% error)

o mi,m3g < 001(N 4OMeV), Mps < 250 MeV

° SU(B)NF/SU(Z)NF in infinite/finite volume.

e Uncertainties in QED LEC have small effect to quark mass.

Taku lzubuchi, Lattice 2012, Cairns, June 25, 2012

e Only statistical error shown above.

SU(3) SU(2)
inf.v f.v inf.v. f.v.
m,, [MeV] 2.606(89) 2.318(91) 2.54(10) 2.37(10)
mg [MeV] 4.50(16) 4.60(16) 4.53(15) 4.52(15)
m, [MeV] 89.1(3.6) 89.1(3.6) 97.7(2.9) 97.7(2.9)
mg — my [MeV] 1.900(99) 2.28(11) 1.993(67) 2.155(63)
Myuq [MeV] 3.55(12) 3.46(12) 3.54(12) 3.44(12)
My /My 0.578(11) 0.503(12) 0.5608(87) = 0.5238(93)
M/ Myd 25.07(36) 25.73(36) 27.58(27) 28.34(29)
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The residual chiral symmetry breaking in QCD+QED

e Using DWF’s PCAC relation, in terms of the mid-point correlator J5,(Ls/2), for the
flavor off-diagonal current with same EM charge quarks, ¢;. Parametrize the EM charge
dependence in terms of Cs:

UL) UR)

<Z I, t>w“<o>>

mres(%’a q@') = <

> I, t)wa<o>>

mres,i(q@'a Qi) — mres(oa O) — e202 q7;27

16° 24° L, Chuu Codd
Mseq Myes Myes 16d lattice size
chiral imit  0.003148(46)  0.003203(15) 16 2.597(23) 2.532(20)
0.005 N/A 0.003222(16) 32 0.309(16) 0.301(16)
0.01 0.003177(31)  0.003230(15) 577 attice sae
0.02 0.003262(29)  0.003261(16) 6 2.585(7)  2.51907)
0.03 0.003267(28)  0.003297(15)
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e In the massless quark limit of QCD, m; = —m,s(0, 0), Neutral PS meson (should still
be a NG boson upto «?), has additive mass shift due to the additional chiral symmetry
breaking from photon field, mres.i(qi, gi) — Mres(0, 0).

e This effect is expressed in the DWF-ChPT as
Am” = Myp(e # 0) — Myp(e = 0) = BCe™ (] + q5),
where x = 2Bm,, is the LO PS mass squared.

e L, =16 and 32 (partially quenched) consistent with DWF-PCAC.

16° Ls=16 and 32 result, fit range 0.01-0.02
0.0003

T
Ls=16 +——+——
Ls=32 +—x—i
BO*C2*(...) —*—
dmres*(...) —&8—

0.00025

0.0002 -

0.00015

3m? (Lattice Unit)

0.0001

5e-05 |-

O 1 1 1
0 0.05 0.1 0.15 0.2
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Finite Volume effect on ChPT fits

0.0016
0.0012 |
0.0014 |
0.001 |
0.0012 |
0.0008 |
s S o001
3 0.0006 3 :
0.0004 |/ . 0.0008
0.0002 I 1 0.0006 |
0 - - - 0.0004 — -
0 0.005 001 0015  0.02 0 001  0.02
mf+mres mf+m

e We use finite volume (FV) ChPT formula to fit data.

e Left: Pion unitary points. lower line: ém..., upper line: LO (Dashen’s) term

0.04

e NLO contributions at simulation points are 50-100% x LO. But only +2% contribution to

myq — m, from NLO.

o Left: Using FV fit on (2.7 fm)?, dotted curve are predicted for (1.8 fm)>, which

overshoots the data by a factor of 2.
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