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INTRODUCTION TO ajWP

This talk:

« Apply QCDSF’s flavour-breaking procedure to alIfVP

« Employing recent dynamical QCD+QED configurations




ACCESSING ajWP

AtV = g ronzK(QZ;m,f)ﬁ(Qz),
0

fX

Known kernel [1(Q?%) — T1(0)

» polarisation tensor:

I1,,(0) = Jd4xefQ°X<Jﬂ<x>Jy<0>> = ( 0.0, - Q2) 1

Vacuum PoIarisatlon

» fit with Padé, VMD, ...

» put back into integral

nQ?)




ACCESSING a,, ¥

» Time-moment(um) representation:

a?Vh = 405J dt G(t)K(t; mﬂ)

,u
Y
vector-vector 2-pt function Known kernel

1 ; [Bernecker-Meyer (2011)]
G(1) = 3 Z Jd x (J;(x)J,(0))
i=1,2,3

» Note:
» requires long-time integral (— 00 )
> lattice data have finite t and suffer from large noise at large ¢

> lots of progress - see other talks



RECALL: QCDSF QUARK MASS TUNING (QCD

=241 O(a)-improved Clover (“SLiNC”)
» Tree-level Symanzik gluon action

» Novel method for tuning the quark masses
> keep the singlet quark mass fixed

1
mt = g(QmZR — mf)

[QCDSF (2011)]

1.2 —
> at its physical value m* |
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» Multiple V, a, m,
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FLAVOUR-BREAKING EXPANSIONS (QCD) [QCDSF (2011)]

» Using properties of SU(3)

> e.g. light octet vector mesons with flavour (ab) [partially quenched]

_ 1 1
M(ab) = My + a(Su, + Suy) + Ec(ému + émy + 6my) + - By(Smzr + dm7 + 6m?)

+3,(Su; + 5/413 ) + Bo(Sug — 5/413 )
SU(3)-symmetric point

1 1 1
(8t ) = (e ) =ty = = <,< - —)

g Ko



FLAVOUR-BREAKING EXPANSIONS (QCD) [QCDSF (2011)]

» Using properties of SU(3)

> e.g. light octet vector mesons with flavour (ab) [partially quenched]

1 1
5 (bm, + ém,; + om )+ g ﬂo(émf + 5m§ + 577%2 )

M(ab) = My + a(ou, + opy,) + —
+ 3, (Spg + 5/413 ) + B (Su; — Ouj,

om, + om, + om, = 0 on our trajectory

1 /1 1
(6luq9 5mq) — (/’tqa mq) — my = ) < o _)

K'q KO



FLAVOUR-BREAKING EXPANSIONS (QCD) [QCDSF (2011)]

» Using properties of SU(3)

> e.g. light octet vector mesons with flavour (ab) [partially quenched]

1 1
5 (bm, + ém,; + om )+ g ﬂo(émf + 5m§ + 57%2 )

M(ab) = My + a(ou, + opy,) + —
+ 3, (Spg + 5/413 ) + B (Su; — Ouj,

om, + om, + om, = 0 on our trajectory

1 [ 1 1
OU, ., O = (u, — mpy = — —
( luq mq) (/’tq mq) 0 2 < K'q K'O )

> Flavour-diagonal (with m = constant) :

M(aa) = My + 200u, + ﬁoémlz +23,6u>



LATTICE QCD+QED SET-UP QCDSF, JHEP 1604, 093 (2016)

gauge-fixing of Uno & Hayakawa (2008)
— on valence quarks
» Gauge coupling corresponding to aprp=0.1

» Non-compact QED

» SU(3)r symmetric point?

» QCD: trivial — input am,, = amg = ams » mit = mi =ml
1

> +QED:with Qu =2, Qu=Q.=

_ _ R R R
aMm,, = aMmq = Mg » m, # myg = m,

» Define the “Dashen Scheme”

» Tune quark masses to SU(3)sm point via mﬁa — mid — m;";_
> n:0 m?" = 408(3) MeV

> USE2S Ut = 407(3) MeV ;



FLAVOUR-BREAKING EXPANSIONS (QCD+QED)

» Extend to include quark charges, e.g. ﬂavour-diagonal (with m = constant)
M(aa) = My + 2adu, + odm? + 2p,6u; + (e + e + ef) + 2pM e
+y0 Me26m,, + e om; + e2om,) + 2y EM e26u,
+2yiM (el + e5 + e2)ou, + 2yiMe (e, 0m, + e, m, + e Smy)
Dashen scheme: QCDSF, JHEP 1604, 093 (2016)

* absorb all EM effects of neutral PS mesons into g masses
* rescale the horizontal axis so that all meson masses

depend on the “Dashen mass” in the same way
I

2
MPS

u; = (1+ KQje*)dy

-




U’CD-I_QED SPECTRUM QCDSF, JHEP 1604, 093 (2016)

2 B I ' I ' I ' I
My = 134.977MeV, | & g
Myo =497.614MeV, 5 1
Myt = 493.677 MeV 05 |

»Physical point, and lattice scale: | (8t +I Sptq)/2 |

323 x 64 483 x 96
aomr | —0.00834(3) —0.00791(4)
adm* | —0.00776(7) —0.00740(4)
adm* | 0.01610(15)  0.01531(8)

a t/GeV 2.89(5) 2.91(3)

0 -

> Prescription for switching Dashen — MS 0



U‘CD-I_QED SPECTRUM QCDSF, JHEP 1604, 093 (2016)

2 B I ' I ' I ' I
My = 134.977MeV, | & g
Myo =497.614MeV, 5 1
Myt = 493.677 MeV 05 |

»Physical point, and lattice scale: | (8t +I Sptq)/2 |

323 x 64 483 x 96
~0.00834(8) —0.00791(4)
—0.00776(7)  —0.00740(4)
0.01610(15)  0.01531(8)

2.89(5) 2.91(3)

0 -

> Prescription for switching Dashen — MS 0



n K~ W NN — FHF

G-2: LATTICE OCD+0ED SET-UP  a=o.068m  agey == ~ 0.
T
» Simulate with 5 ensembles
(L, T) Ny m,; m,; M mc’]”'”‘c-]i”L m_+ M+
(32,64) 2+ 1 430 405 405 4.4 435 435
(32,64) 2+1 360 435 435 4.0 415 415
(32,64) 1+1+1 290 300 570 3.2 320 470
(48,96) 2+ 1 430 405 405 6.7 435 435
(48,96) 241 360 435 435 5.9 420 420

» partially-quenched with masses
200 <m, . <770 MeV

» and charges

11



» Zydetermined from nucleon 3pt functions at tuned symmetric point
(uud, uun, nnd, ...)

[Also observed in Boyle et al.,

» Zydepends on the charge of the active quark 1706.05293]

0.90 —

0.88 |

0.86 |-

0.84 |

0.82

0.80 -

1/9

4/9

m”" = 408(3) MeV
ma? = 409(1) MeV

m*" = 407(3) MeV

12



TIME-MOMENT CALCULATION

» Recall we need 2-point function at large times (noisy)

00 . 1 .
a"" = 4da J dtG(OK(t;m,)  G(f) = 3 Z d>x {J(x)J(0))
0 =123 *
> Instead only use 2-point function up to some t,

» Then use ground state vector meson mass in single exponential

G <
G — { () 1<ty

~M,t
Ae ™ t>t.,

» remaining systematic error in description of correlator at large t
using single state .,
(F°

G]WE

13



TIME-MOMENT CALCULATION (teu dependence)
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TIME-MOMENT CALCULATION (teu dependence)
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TIME-MOMENT CALCULATION (teu dependence)
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TIME-MOMENT CALCULATION (teu dependence)
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TIME-MOMENT CALCULATION (teu dependence)
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TIME-MOMENT CALCULATION (teu dependence)

a, 1s 3.94e-08, xCut is 23
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TIME-MOMENT CALCULATION (teu dependence)

a, 1s 3.93e-08, xCut is 26
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BUUND'NG METHUD [see e.g. A.Meyer(RBC/UKQCD) @ g-2, Mainz]

& . {C(t) r<t. upper bound : E = E,
Ll ) = (e C(t
Ct, Ye Eitd 1> ¢ lower bound : E = log Una)
Ct,,.+1)
le—8
4.8 - % ¥  Upper Bound
Lower Bound
4.6 %
4.4 I
2. 4.2 % X
© % % %
4.0 ¥ I
M”Xw%
3.8
3.6 -
10 15 20 25 30

Xocut 15



FLAVOUR-BREAKING EXPANSIONS (QCD+QED)

» Recall flavour-diagonal vector meson (with m = constant)
M(aa) = My + 2adu, + pydm? + 2p,6u; + B (er + e + ef) + 2pM e
+y M (ezdm, + es6my + e2omy) + 2yt esou,
+2yiM(es + €7 + e, + 2yiMe (e, 06m, + e ,6m, + eSmy)

» same expansion for a,

a, = a,o+ 2adu, + Boom? + 2p,6uz + pM(er + e + el) + 2pM e
+y M (ezom, + es6my + e2omy) + 2yt ezou,

+2yiM(es + €7 + e, + 2yMe (e, 06m, + e ,6m, + eSm,)

16



FLAVOUR EXPANSION

> Apply simultaneous to all quark masses/charges on each volume

32° x 64
a, ~ 480 x 107"

'l :
L AN N

—0/10 —0.00EY.OOO 0.005 0.010 0.015 YZO 0.025 0.030

d-quark OHp s-quark

u-quark 17



FLAVOUR EXPANSION

» Apply simultaneous to all quark masses/charges on each volume

32° x 64 487 X 96
a, ~ 480 x 107" a, ~ 570 x 10717

le—8 le-7

1.1 1

1.0 -

0.9 -

0.8 -

0.7 1

0.6 -

0.5 A1

0.4 1

I

—0/10 —0.00EY.OOO 0.005 0.010 0.015 \\020 0.025 0.0: —-0.010 -0.005 0.000 0.005 0.010 0.015 0.020 0.025

d-quark OHp s-quark u

u-quark 17



FINITE VOLUME EFFECTS

» Aubin et al. (2016):m_=220MeV, L =3.8fm, m_L =4.2

» Compare different irreducible representations
[Aubin et al. Phys.Rev. D93 (2016)]

a,"\"10.1GeV?] = 6.8(4) x 107° A ) I,
44.
al¥F[0.1 GeV?] = 7.5(3) x 107 A% T1,,

» 10 - 15% finite volume effects

18



FINITE VOLUME EFFECTS

» Compare 4 different representations on our 2 volumes

M representations, 323x64

—0.06 -

—0.08 A

—0.10 -

—0.12 A

—0.14 -

—0.16 -

—0.18 -

0.0 0.2 0.4 0.6 0.8
q’GeV?

—0.06 A

—0.08 -

—0.10 -

—0.12 A

—0.14 A

—0.16 -

M representations, 483x96

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
q2GeV?

19




FINITE VOLUME EFFECTS AM: 11,

» Compare 4 different representations on our 2 volumes

le—7 a, - Volume Comparison at Sym Point
1.0 1 i
B (14
I 1,24
0.9 - P
. (1
X
0.8 -
HVP
d
M
0.7 -
O
O
®
0.6 - "< 4 +
0.5 *

323 x 64 483 x 96 20



ISOLATING CHARGE EFFECTS Aorp = j— ~ 0.1

» Difficult to resolve electric charge eftects from fit

» Try correlated ratios

_ 11902 — 11%(Q%)

R Without Z
[1"(Q?) v
0.07 - }
0.06 - } } { { { { }
® qg°=4/9
0.05 - s
¢ Lo
_ 0.041
0.03 - , ;@ ) } } i }
0o2{ T T T | |
001 X X
0.00

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
q’GeV? 21



ISOLATING CHARGE EFFECTS Aorp = :— ~ 0.1

» Difficult to resolve electric charge effects from fit ™

> Try correlated ratios HCI(Q2) Hn(Qz) \
R = _ With Z
[(Q?) Y |

® g’2=4/9
Q;
- X q2 =1/9
0.020 A 3 02 = 2/9
0.015 A
o
0.010 A ! X
X i
X
X
0.005 - { l
0.000 A ﬁ

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
éZGeVZ 22



ISOLATING CHARGE EFFECTS

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Difficult to resolve electric charge eftects from fit

» Try correlated ratios

0.08 -

0.06 -

0.04 -

_ 4(@?) - 11"(Q?%)

[1(Q?)
® g’?=4/9
¥ 9°=1/9
¢ 9g°=2/9

>
T7T%x% % 4
TEX %
X X s
TET% k% X X
D ¢ % ¢ % ¢ ¥
4 <4 ) )
0,024 TTT

0.00 -

[1(Q?) = (Q? - T1(0)

23



ISOLATING CHARGE EFFECTS

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Difficult to resolve electric charge eftects from fit

» Try correlated ratios

0.08 -

0.06 -

0.04 -

0021 TTT

0.00 -

_ 4(@?) - 11"(Q?%)
[1"(Q?)

R

® g’?=4/9
¥ 9°=1/9
) g°=2/9

1] éa/?ED < 1% |,

] I

N
> v

[1(Q?) = (Q? - T1(0)

23



SUMMARY

» Constraints on QED effect on a, becoming possible  [Miura, Wed.9:00]

» This work: e I

5al?ED 5 1 % ( -{o'fo
BR®
» Flavour-breaking expansion can be applied to a,

# Separation of strong and EM IB effects in Dashen

» Much still to be done!

24
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“DASHEN SCHEME”

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Bacp = 5.50
Bqep = 0.8

1
X, = \/E(mf(+ +mg, +m2,) = XPphys

(=
o)
~
=
a
©
=411 MeV

T~

0.6 —
0.4 -

0.2 -

0

PO R T T T T T N T T A T N S T

7.9
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“DASHEN SCHEME”

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Bacep = 5.50

Boep = 0.8
=
)
=
N(U

1
X, = \/E(mf(+ + m12<0 + m§+) = X,’?hys =411 MeV

T~

26



“DASHEN SCHEME” amy =5 (% -+ )

K Ke
08— T T T
Bacp = 5.50 j uT
ﬁQED = 0. 8 0.6 [ —~
' Renormalisation of lattzce ;‘ =
, c nd mg ) zth QED | ST —
L
1 0.2 |-
g(mK++m o+ m2) = XIS = 411 MeV _

— N
-

011/1111111

.

7.9 8

Sym
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“DASHEN SCHEME = (2 1)

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Baep = 5.50 Z uw
5QED = 0.8 0.6 .

Renormalzsatzon of lattzce |

, spaczng and mg ) zth QED {u

a*M3(qq)

1 _
E(m,ﬁ +m2,+m2) =X =411MevV  OF|

26



“DASHEN SCHEME” amy =5 (% -+ )

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

e L L D
BQCD = 9.00 I / uu
5QED = 0. 8

Renormalzsatzon of lattice ii“‘ >

I o
=
AV,
©

, spacmg and g wzth QED v

1 h
g(mK++m o+ m +) = X" =411 MeV

<

» [terate and converge to

K = 0.1243838
ks = 0.1217026
Kl = 0.1208142

26



“DASHEN SCHEME”

QCDSF, JHEP 1604, 093 (2016)

|
0

D
O fdq Opg
» Once tuned to the symmetric point, different charge quarks run

differently to the chiral limit

Dashen scheme: rescale the horizontal ’axzs so that all meson 5 il = (1+ KQ2e2)op,
masses depend on the “Dashen mass” in the same way

27



PSEUDOSCALAR MASSES
QCDSF, JHEP 1604, 093 (2016)

0.06F

0.09F

0.04¢

0.03F

0.02}
uu
dd |1

nn

0.05

0.01}

0.00

[HH

001 0.00 0.0l 002 003 0
Bare quark mass  (6u,, + opy)

» Neutral mesons on different lines

» Scatter of charged pion: dependence on dmy — dmy,,
28



“DASHEN SCHEME™ - PSEUDOSCALAR MASSES

QCDSF, JHEP 1604, 093 (2016)

0.06}

0.09}

0.04}

0.03F

0.02}
uu
dd |1

nn

0.05

0.01}

[+

Y 0T 000 001 002 0030

Dashen mass  (Su; + 6u})
» Neutral mesons on uniform curve

» “Scatter” removed from charged mesons ’



LATTICE QCD+QED - ZERO MODES

» Ground state energy of a single particle shifted from rest mass

E = \/m? + Q2(eB)?

» Subtract B2 contribution to find m

» Alternative: eliminate by additional gauge-fixing of Uno & Hayakawa
(2008) — on valence quarks

ZAM(t,f) =0, Vwpandt

03 | 0180
0.2 | 0.175.
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: | 0.155
02 ; :
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_03 | !
0 200 400 600 800 1000 ’ 0145
0 200 400 600 800 1000 0000 0001 0002 0003 0004 0005

Trajectory B



