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| Mixing of flavour-neutral !-!0 due to SU(3)¢ breaking

' how are physically observed mass eigenstates are formed from SU(3)¢
octet and singlet components?

| are there gluonic components?
' implications for eg. CKM studies using
BY. ! J/N O
»help identify new physics contributions to Bg H @S)mixing
| already received much attention in Lattice QCD
' Allowing for isospin-breaking (naturally broken with QED)
! "0 can also mix

' not yet studied on lattice
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Isospin
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Isospin basis:

1 .
19= 1= ug" df
2
(.
= J—é ug + d&" 2sg

U-spin basis:
0 — % (dd — 3)

Ny = \% (dd + s5 — 2uu)
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U-spin I Note:

™ * | . .
K | ¢ ! all U-spin multiplets have
x x | same electric charge

Natural starting point for

" ‘ QCD+QED simulations
x ' SU(3) broken naturally by
K O ! 8 quark charges )
| K : Qu=+ -, Qi = Qs = :—3
x x , | Breaking purely EM if masses '.
| | I | ; tuned to be same
| 1 | 1 How to achieve this?
- 1 # E O + E
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' SU(3)f symmetric point?

' QCD: trivial — input amu = alllg = alllg » m5 = mgf = m?
1

' +QED: with Qu_+_ Qd_Qszlé

alty = alllg = allls » mY E mf = mf
| Define the ODashen SchemeO

' Tune quark masses to SU(3)sm point via M, i m. & _ mSﬂ
' n:0 m?" = 408(3) MeV
Cod:-1/3 md® = 409(1) MeV V=32 3x64, a=0.068fm
U +2/3 m*" = 407(3) MeV

' Nf =241 O(a)-improved Clover (“SLiNC”)

! Tree-level Symanzik gluon action gauge-fixing of Uno & Hayakawa (200€

| Non-compact QED with ! oep=0.1 N on valence quarks :
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H$))4-+(789:7;9('+)3., V=24 3x48, a=0.068fm  $5p = % %0.1

Triangle defined for fixed
singlet mass

Dedicated simulations withy fixed

N My My My My M+

2+ 1 440 415 415 440 440
1+1+1 425 410 420 430 435
1+1+1 415 425 450 435 450

~2000 trajectories each ;

physical point

WN PP FH
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' Two types of Wick contractions

Connected Disconnected
Q@ Q'
o

allows for flavour off-diagonal contributions

0
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A0 O O
Ha - SR
Cqq=  Source ddk - 8 o 0

0 ©
O 0 AO
e OOOJ

\*

' Diagonalise » physical flavour-neutral mesons (state#labe$)

$— 3 $
C Vq quvq

' e.g. with SU(3)f symmetry in isospin basis

w58 D) 0

11
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| Stochastic Z; noise with colour, spin, time-dilution
| Spatial dilution implemented via cubic interlacing (23)

Interlaced source # JeTTIITO T ITO T I Yo

2
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| Stochastic Z; noise with colour, spin, time-dilution
| Spatial dilution implemented via cubic interlacing (23)

Interlaced source # JeTTIITO T ITO T I Yo

2 I A
BRSOt oL tte
O~--- @O - @

13
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| Stochastic Z; noise with colour, spin, time-dilution

| Spatial dilution implemented via cubic interlacing (23)

Interlaced source # O:O:O:O

Q"""Q"""O""'O E

3 . | : | . | . :

B AP O iPr STIPre
O%---O----0=--- O

14



ijDiagonaIised state (using t=4,5). Effective m
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iw - — - . — . - . » —— | - constantd mass =
' Diagonalised state (using t=4,5): Effective mj
| mjw rr]d& % I
Ensemble 1 (jm|mm ) 415 !
é:: . physical point \
0.4 ° : ’ + * * n:S
0:0 | | I' +I * olo ol+ .Li /
2 4 6 8 10 12 14 16 18 : / _
® no—nteg=4.5 ’ -7
0.010 A ’ g
/ _ -
/ e

0.008 I ! /( 1
I

0.006 A - / 3

0.004 A

0.002 -

(m' # n‘#°)e$(t)

0.000
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'Diagonalised state: Ensemble =ms<m,) | we. ()3 3 9
! nL rnd rnsg ‘3 $ _ $ $ def: & OO &
\ @ P C VOI CCICI"'Vq 9 e
440 415 415 | s 3 o (3
[ 0.00Q1) #0.8291) (0.561(2) K
1=] 07070 | v¥=| 0.3972) |v3=]0.5851) S
#0.7071) 0.3971) 0.5851) e
&1
/////. 2
I 3
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'Diagonalised state: Ensemble {=fms<m ) j we 03 8 8,
m Me M@ Mg C¥= Vg GV g E L
440 415 415 | s 3 ¢ Uo
(0.00Q1) #0.8241) fo 56](2) )/
vi=| 0.7070) | v?=1 0.3971) |v3®=|0.5851) S
#0.7071) 0.3971) 0.5851) (/j T
B 1

o 1 (2) o1 /H2y o 1 A
T T = vi=——| 1 v'=—1|I1 7 /
V2 \#1 V6 \ 1 NACT A3



%‘ Diagonalised state: Ensemble =fm<m,) |
. Mg My Mg ‘

LL____‘_&E&&MO ‘ 15 B
(0.00Q1) #0.8281) (0.561(2) K
vi=| 0.7070) | v?=1 0.3971) |v3®=|0.5851) S
#0.7071) 0.3971) 0.5851) e
&1
O_ 1 O ) 1 #2 1 1 //////. 2
=—7=\ 1) vvi=—{( 1) Vv'=—(1 SR
V2 \#1 V6 \ 1 V3 \1 » K
. 0.00Q1) ) . #2.0283) . (0.9723)
vi=—1]1.00q2) | v?=——] 0.9722) | v®=——]1.0132
2 |#1.00q2), V6 0.9722) V3 1.0132)




ii Diagonalised state: Ensemble =Hms<m,) |

My 0.0000(1)

0.000377(83)

0.999623(83)

| Me Me Mg CY = \/$ Cygt VS, dé:
M0 415 R e
[ 0.00Q1) #0.8291) f 0. 56](2)
vi=1]0.7071) | v4=| 0.3971) | v®=]0.5851) )
#0.7071) 0.3971) |0.5851) .
&1
0 . 1 O . 1 #2 - 1 1 /// //. 2
- —=\1 vi=—=11 v =—1I1 7 /3
V2 \#1 V6 \ 1 V3 \1 » K
. (0.00Q1) ) #2.02§3) . (0.9723)
vi=—1]1.00q2) | v?=——] 0.9722) | v®=——]1.0132
2 |#1.00q2), V6 0.9722) V3 1.0132)
state 1 state 2 state 3
Basis, ¢ (¢ |n°)° (¢ ) (¢ [n')?
Ensemble 1 T 1.0000(1) 0.0000(1) 0.0000(1)
N 0.0000(1)  10.999623(83) 0.000377(83)



| Ensemble 2 (dmm s)

Mg

425

mdda

|
® no—nteig=4.5 -

effective mass
|
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® no
¢ n




- I ug d&F sg
‘Dlagonallsed state Ensemble 2<(r|nn) ue. (9§ o
| o T M C$ — V$ C. v dcgéO%Q <§8 %

425 410 420 At w9 9 (0
[ 0.41(9) 0.735) (0.5443) !
vi=[#0.8q1)| v?=1]0.002)| v3=]0.5951) S
| 0-437) 0.695) \0.591(2) )
&1
1 ( 1 ) #\9 ( 1 ) ""I 1 (1) /// /. 2
VA p—— vV = —1 1 - // 3
V6 V2 \#1 V3\i/ - K
. 10023 . (1.047) . (0.9435)
vi= —[|#1.9713)| v?=——] 0.0003) vi=—1.0312)
V6 ( 1.0q18) V2 |#0.966), V3 |1.0243)
state 1 State 2 state 3
Basis, ¢ (¢ |n°)° (¢ n)” (¢ ')
Ensemble 2 Ny 0.999(23) 0.000(23)  0.000489(84)
w0, 0.000(23) 0.999(23) 0.00112(20)

n, 0.00046(23)  0.00114(28) 0.9984(27)




(m' # rn#o)eﬂ;(t)

415

Mg

ijDiagonaIised state (using t=4,5): Effective

” Ensemble 3 (@my)

Myp
425

Mg
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0.0150 A
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| Enhanced signal fop-! splitting|

effective mass
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M, Mye Mg $— P $

415 425 450 C = Vg CoqVy:
[ 0.7746) 0.33812) (0.5355)
vi=|#0.6281)| v?=1] 0.51q1) |v®=10.5872)
| 0.07418) #0.7913) 10.6074)

V#o:i(#ll) V--:i(i
V2 \ o V6 \#2

i; Diagonalised state: Ensemble 3<{ms)

1 (1
0
V3,

/

umddﬁ&el
A 6 0O
“‘“:Qooo
-6 A0 O
d#= 3 08 §
A6 MO
9 QOOJ
/
/
/ //
/ Phd
///
///
&1
|
;2
3

1.0923) . (0.833) ) . (0.9278)
vi= —|#0.893)| v?=—| 1.251) vi=—|1.0173)
V2 0.1Q(18) \/6 #1.941), V3 | 1.0527)
state 1 state 2 state 3
Basis, ¢ (¢ |7°)° (¢ n)’ (6 |n')’
Ensemble 3 e 0.9838(53)  0.0148(53)  0.00136(32)
nT 0.0145(52) [0.9841(53)  0.00142(42)
n 0.00169(42)  0.00108(31) [0:99722(69)




aM

My = co nstar

. T e — = @
0.160 e = #oom My Mg
D My = Myg : uu — +V1ss I 1= Mg
=M g M i 1 440 415 415
| o |
. ! ot 2 425 410 420
0155 oo Lo b ; 3 415 425 450
o 3 K
o o
o 3
) g Ui state 1 state 2 state 3
0.150 F - i - 0 :
= : | | T Basis, ¢ (¢ |°) (0 n)* (')
% | 3 : Ensemble 1 70 1.0000(1)  0.0000(1)  0.0000(1)
| » i nu 0.0000(1)  0.999623(83) 0.000377(83)
- — : n 0.0000(1)  0.000377(83)  0.999623(83)
0.145 R B L R [ Ensemble 2 ny 0.999(23)  0.000(23)  0.000489(84)
: . 79, 0.000(23) 0.999(23)  0.00112(20)
; n,  0.00046(23) 0.00114(28)  0.9984(27)
: Ensemble 3 %, 0.9838(53)  0.0148(53)  0.00136(32)
i nr 0.0145(52)  0.9841(53)  0.00142(42)
0.140 | | | ne 0.00169(42)  0.00108(31)  0.99722(69)
o o |
o x i
o 3 i
| | | :
0 135 L1 N I |
~0.0015  —0.0010  —0. 0005 0.0000 0.0005 0.0010

m, = # %,

SU‘(3) fl‘avo4ur breakm g expansmn

M72+ = Mg + b1 (dmy, + dpy) + 04
M7 = M§ +byop, + i
MI2{0 — Mg o bl(ému + 25Mu)

2
f— _l_

3C6M:|: \/3b25m2+3blc Mym, + (

+ O (9036 1, + 926, + 601 cEM
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My M My
440 415 415
425 410 420
415 425 450

0.160

N
_|_
WN R It

0.195F

state 1 state 2 state 3
Basis, ¢ (¢ |7T0>2 (¢ |f'7>2 (¢ |77I>2

0.150 =

Ensemble 1 7% 1.0000(1)  0.0000(1) 0.0000(1)
nu 0.0000(1)  0.999623(83) 0.000377(83)
n 0.0000(1)  0.000377(83) 0.999623(83)
0.145 R T [ Ensemble 2 7y 0.999(23)  0.000(23)  0.000489(84)
- ' ' 0 0.000(23)  0.999(23)  0.00112(20)

n,  0.00046(23) 0.00114(28)  0.9984(27)

Ensemble 3 70 0.9838(53)  0.0148(53)  0.00136(32)
nr 0.0145(52)  0.9841(53)  0.00142(42)
ny  0.00169(42)  0.00108(31)  0.99722(69)

0.140

1 1 B ' |
0. —3050015 —0.0010 —0.0005 0.0000 0.0005 0.0010

= # 9,
'SU‘(3) fIavo4ur breaklng expansmn f

M2, = M? 5mu + S1t) +.
M. = M

| Constrained from fits to flavou

{ :off-diagonal (Oouter ring0) |
{ | states :

Mo = M; 5mu + 204y,
s 36 M = \/.§m2 +. EMom., + ]
+ O b E.Mu + 'mu + .E’EM
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My M My
440 415 415
425 410 420
415 425 450

0.160

N
_|_
WN R It

0.195F

State 1 state 2 state 3

0.150 =

Basis, ¢ (¢ |7r0>2 (¢ |f'7>2 (¢ |77I>2

Ensemble 1 7% 1.0000(1)  0.0000(1) 0.0000(1)
nu 0.0000(1)  0.999623(83) 0.000377(83)
n 0.0000(1)  0.000377(83) 0.999623(83)
0.145 R T [ Ensemble 2 7y 0.999(23)  0.000(23)  0.000489(84)
- ' ' 0 0.000(23)  0.999(23)  0.00112(20)

n,  0.00046(23) 0.00114(28)  0.9984(27)

Ensemble 3 70 0.9838(53)  0.0148(53)  0.00136(32)
nr 0.0145(52)  0.9841(53)  0.00142(42)
ny  0.00169(42)  0.00108(31)  0.99722(69)

0.140

1 1 B ' |
0. —3050015 —0.0010 —0.0005 0.0000 0.0005 0.0010

= # %"s
SU‘(B) fIavo4ur breaklng expanS| O)

M2, = M? 5mu + S1t) +.
MI?(+ = M

| Constrained from fits to flavou

{ :off-diagonal (Oouter ring0) |
{ | states :

= M2+ 3.i \/.5m2+-5mu+<. | Isingle parameter describes |
_ B I L ——




0.160

0.155F

0.140

0 005 —0.0010  —0.0005 _0.0000 00005 00010

omy,

' Observe mass eigenstates rotating between U, V and T states

I Clear QED effect in flavour-symmetry breaking, e.g.

$oep=1/137 4 CGE'V'
M, =9%,=0 & M--#M#OZ§M+MO
11 #

= 0.558) MeV

' Similar observations made in &0-' system

INote: not full QED effed
' Current work:
I more physical masses (splittings)

| improved method for A2A to resolve !0
P5



