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Muon Anomarous Magnetic Moment

(Espin dcyc
@ Anomaly:
Ba = Bapin — Goyo = a;,rs—i | = (1)
@ Pauli Eq.:
m% - [w — M- B+ koo, M, :gﬁﬁeﬂchg . @
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Muon Anomarous Magnetic Moment in QFT

Dirac Theory Quantum Field Theory (QFT)

Ga#0,a,>0,9,>2.
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BNL-E821 / FNAL-E989

LIFE OF A MUON:

THE g-2 EXPERIMENT Muons are fed
Muons are into a uniform,
tiny haped
spinning on magnetic field B
axis like tops. and travel in acircle.  After each circle,
muon's spin axis
. JJ ‘ changes by 12°,
m‘_’; s~ [I yet it keeps on traveling
. . ‘JJ v == 6 v % R in the same direction.
Hit O ) 6
Target. K
Protons Pions, weighing Pions decay
from AGS. 1/6 proton, 0 muons.

are created.
One of 24 detectors

see an electron, giving After circling the ring

the muon spin direction; many times, muons

g-2 is this angle, divided spontaneously decay to

by the magnetic field the electron, (plus neutrinos,)

muon is traveling through in the direction of the muon spin.
in the ring.

Figure: Quoted from BNL-E821 Web: https://www.g-2.bnl.gov/physics/index.html
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FNAL-E989 Arrival-Time Spectrum

Model function for positron energy spectrum:
N+ (, En) = No(Em)e™ "7 (1 ++ A(Ep) coslwat + ¢(Em)]) - 3)
fitted to data about 60015 ~ 10v7,.

e S —
S Lgb |x2/NDOF=3899/4000
o 10°E 4
S V\/VVVVV\/\/\/\/\/\/\,\,\,\,VV\N
=z 10°F
10° g
10° b
10° L
102;7“‘\“‘\“‘\“‘\“‘\é
0 20 40 60 80 100

Time after injection modulo 102.5 [us]

Figure: Quoted From FNAL-E989 Paper: PRD2021.

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 5/57



Introduction
[e]e]e]e] lelelelele]e]e]

@ QFT Def. for Lepton g-2:

q,

%\ = (@ (PIT"IE(p) = UP)" (P, P )u(P)
» . Ma=p-p)=7"F(d)+ Iag}nfy Fo() +---

F2(0) = ar = (g — 2)/2.

@ Standard Model, Loop Corr.:
1LQED o 2 _ a
A fdo ( %) - 2r
e LO HVP 2 Q 2
A A /A\ )? [ dQPw (7> naa(QP) .
[,
@ BSM = MSSM (Padley et.al.15) or TC (Kurachi et.al. *13) etc.:

%& (/e
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Nobel Prize 1965

\

Lamb-Shift in hydrogen atom spectra
— Quantum Vaccuum Fluctuation
— Renormalization in QED.

(0%
ae_g. (4)

Figure: Quoted from Wikipedia.
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Lepton g-2: Expr. vs. SM.

o Electron: 2.4¢ diff,

o &' =1159652181.61(0.23) x 1072 (O(a®)) ,
with updated « [Science 360 (2018) 191 (Cs)] .

o & =1159652 180.73(0.28) x 10~'2 [0.24ppb] ,
[Hanneke et al ’08].
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Lepton g-2: Expr. vs. SM.

o Electron: 2.4¢ diff,

o &' =1159652181.61(0.23) x 1072 (O(a®)) ,
with updated « [Science 360 (2018) 191 (Cs)] .

o & =1159652 180.73(0.28) x 10~'2 [0.24ppb] ,
[Hanneke et al ’08].

e Muon: &' = a7?
o m? /N5, ~ 40000 - m3/AZg,,: Much more sensitive to BSM.

< M,: Semi-stable (r ~ 10~8), Non-Perturb. QCD.

~

e m,
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Lepton g-2: Expr. vs. SM.

o Electron: 2.4¢ diff,

o &' =1159652181.61(0.23) x 1072 (O(a®)) ,
with updated « [Science 360 (2018) 191 (Cs)] .

o & =1159652 180.73(0.28) x 10~'2 [0.24ppb] ,
[Hanneke et al ’08].

e Muon: &' = a7?
o m? /N5, ~ 40000 - m3/AZg,,: Much more sensitive to BSM.

< M,: Semi-stable (r ~ 10~8), Non-Perturb. QCD.

~

e m,

o Tau:
e Even more sensitive to BSM.
o Difficult to measure due to its short life time, 7 ~ 1013 sec..
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FNAL-E989 RUN-I

2021’s Biggest Breakthroughs in Physics
https://youtu.be/FMM7GWnAvOA

BNLg-2 ——@——

FNALg-2 +—@—+

A N\

< 4.20 >
N L4
— +——+
Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
9
a,x10 - 1165900

Figure: Quoted From PRL 126, 141801 (2021)
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exp. SM
ar’ vs. aj

SM contribution

ailnmrib, % 1010

Ref.

QED [5 loops]

Weak (2 loops)
LO-HVP(O(a?)) pheno.
NLO-HVP(O(a?)) pheno.

NNLO-HVP(O(a*)) pheno.
HLbyL(O(c?))
Standard Model

11658471.8931 + 0.0104
15.36 £ 0.10

693.1 + 4.0

~9.84 £ 0.09

~9.83 4 0.04

1.24 4 0.01

10.5+£2.6

11659181.0 & 4.3 [0.37 ppm]

[Aoyama et al '19]

[Gnendiger et al '13]

[White Paper "20]

[Kurz et al '14, Jegerlehner '16]
[KNT19]

[Kurz et al '14]

[Prades et al '09]

[White Paper '20]

Experiments

11659208.9 + 6.3 [0.54 ppm]
11659204.0 + 5.4 [0.46 ppm]
11659206.1 + 4.1 [0.35 ppm]

[BNL-E821 °06]
[FNAL-E989 RUN-I '21]
[FNAL/BNL Combined]

Exp. — SM.

251 +5.9 [4.20]

[FNAL/BNL - WP]

m

K. Miura (KEK-IPNS)

FPWS2022, Nov. 10, 2022

aLorHVP‘NONewPhyS — aZX o (aﬁED 4 a‘ELW_’_a(:L\I)NLO—HVP +aZLbL) ~ (71 82i44) N 0710 .
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Budget

For 0.1ppm in total a,
@ HVP: 0.2% precision. Challenging in LO-HVP. Tension in Pheno/LQCD?

@ HLbL: 10% precision. Already achieved. No Tension in Pheno and LQCD.

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 11/57
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THIS TALK

@ HVP Corrections to Running Coupling 11(Q?) o Aahad(—Q?)

~~@D~

@ LO-HVP Contributions to Muon g-2 a.>"""

5
1 1
o THIS TALK:
Lattice QCD vs. Data-Driven (vs. Experiments) for Aan.a(—Q?) and
aI;LO—HVP.

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 12/57
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Quantum Chromo Dynamics

Quantum Chromo Dynamics (QCD)
e SU(3) Gauge Theory
L = qy*(i0, + gAZT?)q — mqq — —Ga Ggra .

nuv

@ Underlyning Theory of
Quarks (q): Spin 1/2, Fund. Rep. 3
Gluons (A,): Spin 1, Adjoint. Rep. 8

@ Challenging to Solve due to Non-Perturbative Property.

. ) §§.

Neutron Pion Diquark

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 15/57
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Dispersion Relation

Unitarity:

F(qzeR):f az F(z)

Lrcal 2l Z — @

(Cauchy)

X XXX XXX

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 16/57
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Dispersion Relation

Unitarity:

F(qzeR):f az F(z)

Lrcal 2l Z — @

(Cauchy)

X XXX XXX

F
= fL+Z % z_(i’)g (integrand vanish at C)
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Dispersion Relation

Unitarity:

F(qzeR):é dz F(2)

o4l 2l Z — P

(Cauchy)

F
= fL+L dz F(2) (integrand vanish at C)

27rl zZ— q2 X XXX XXX

0o ds F(s+ie)—F(s—ic)

4M2 27 5—q°
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Unitarity:

F(qzeR):é dz F(2)

o4l 2l Z — P

(Cauchy)

F
= fL+L dz F(2) (integrand vanish at C)

27rl zZ— q2 X XXX XXX

0o ds F(s+ie)—F(s—ic)

4M2 27 5—q°
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Dispersion Relation

Unitarity:

F(qzeR):é dz F(2)

o4l 2l Z — P

(Cauchy)

F
= fL+L dz F(2) (integrand vanish at C)

27rl zZ— q2 X XXX XXX

0o ds F(s+ie)—F(s—ic)

4M2 27 5—q°

_,Pfoo §2IImF ,Pfoo ds ImF(s )'

M2 27 s—q? T §—@°

Once Subtracttion:

N(g®) — N(0) 2

P — () = N(@) - NE) =g p [ L2 ImN(s)

Jae ™ S(s—Q?) .

F(g°) =

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 16/57
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HVP Phenomenology

pwb 's T's

Im[,\@,v I o | saang(_ hadrons |

@ HVP in Pheno:
(-Q%) = [;° ds @ __Im0(s)  (gispersion) ,

(s+Q@2)
_ @ (oo R(s) ; R
= Y ical) . 3
1272 fo ds s(s+Q?) (0pt £a ) g o 0 Crystal Ball
. 4 CMD2, SND APLUTO
@ R-ratio: ) +MEA *BESII
o(ete” — ~* — had. X MD-1
A(s) = .
= 2 OBES Il ¥DM2, BABAR * DHHM
47a?(s)/(3s) . |
4 DASPII, CLEO, CUSB, MAC, CELLO, MARK J
0 H H ‘eeoaoo....POCD
@ Systematics is challenging to control. bsowmos 0w s o
Some tension among experiments in | —r
0 2 4 8 10 12

é
E (GeV)

[Jegerlehner EPJ-Web2016]

olete” —rtn7).
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HVP Phenomenology

T
Upsilons

ML A 1= | anC hacons o |
6 8 4

o« 4( & i
@ HVP in Pheno: 2r poe]
/ 4IooDKD'\g(.‘]Ig —
2 2 Imll . . i | ;
( Q) = fO dsssioz m_n,(s) (dispersion) , % 28 s 5 w0 1zs 15
s [GeV]
= 127r JO SS+ 2 (OptiCal) : Heatmap of Covariance Matrix
@ R-ratio: L 0
L i & |
A(s) = o(eTe” —» " — had.) p Ys
- 4ma?(s)/(3s '
7a?(s)/(3s) L ]
@ Systematics is challenging to control. - n -
Some tension among experiments in 0.0

olete” — mfr7).
Figs: KNT Data in PRD2018. Thanks to Alex Keshavarzi.
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Data-Driven HVP

=102
0.01
8.0001 — time-lie
—-— space-like
0.0075 7.80 1
=
G ]
L 0.005 4
@5: g
< <]
0.0025

q ‘ . CRNTT8dafal — ]
0 2 42 26 8 10 102 0 10° 0 10 10°
Q° [GeV7] Vs (GeV)
Fig: Five-flavor QCD/Hadronic contribution to QED running coupling,
- 1
A)(s) = 4maf“@5°P(s) | ap = o .
apg(8) T (8), o 13703 (5)

The spacelike case (left, KNT-2018 data) and the timelike one (right,
Jegerlehner alphaQEDc19 manual).

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022
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Lattice QCD for HVP / Muon g-2
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Lattice Gauge Theory

B gluons quark

@ Action: Siacp = SglU, a — ¢ D[U,m, a] ¢ . U, (x) = €29 ap(x)
ﬂ) SQCDcm. # a
UV-Cut
@ S;acp respects Exact Gauge Symmetry.
T
@ Observable:
(0) = [,PIUIO[U], P =e % Det[D]/Z.
@ Hybrid Monte Carlo: {U")} created w. P.
L \r-cut

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 21/57
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Lattice Gauge Theory

@ Lattice Coupling: 4(a) = 2N:/g?(a).
@ Fermion Masses: myq, ms, M.
M — (0.485.

.
137.03--0 my

@ (Isospin Breaking): ap =

LQCD Outputs

@ Hadron Masses: M, x..../Mq, F/Ma, etc.
@ Vector Current Corr.: ((7,%)x (7)) y=o.

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022

gluons

quark

U(x) = 94 (x)

}a

UV-Cut

L |r-cut
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Lattice QCD for HVP / Muon g-2
[e]e]e] Yolelele]

Lattice Gauge Theory V

LQCD: Non-Perturb. Def. of QCD gluons quark
L . . o Un(x) = €9 (x)
@ Latticize w. a & Dimentional regularization etc.
ja
@ Continuum limit (& — 0) < Renormalization. UV-Cut

@ A line of constant physics: a — 0 with my 4.s.c T
adjusted to keep M ... /Mq e.t.c.

@ First-Principle Cal. (no free param.)

@ Stringent Algorithm (no approx. in HMC.) L R-cut

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 23/57
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Lattice QCD Gluon Action

@ Plaquette

. 2
Ul/p,l’ ~ 67’0’ g GVP,I

@ Action for Gluons

SG:Z2NC|:17H70

2
vp,X g

@ Strong Coupling (1/9%) Expansion

Z:/DU e %l :/DU(1 — SglU] + %Sé[uH...),

@ Haar Measure Integral (finite examples)

_ - sbsa 2 B s €ap (abc
/dU:17 /duujugb: b /duugugug: e
N; Ne!

a___ o @ a a
B ——
b_fj?_b & 2

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022

(7)

(8)

srez (Vs + Ul | 22 }1 / d*x GupxGL®  (6)
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Lattice QCD for HVP / Muon g-2

[e]o]e]e]e] lele)

Wilson Loop at Strong Coupling Limit

00 - 0o
"DDD DA

IDU j===1t

expansion

00 - O

= (1/N.)d%3¢
Gluons ~ Plaquette ~ Area Law
Wi = 2 / DU &SPl W[U] = Npe ™ Yo | )
V(L) =Lx K, K= % log[g°Nc] (String Tension) . (10)

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 25/57
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LQCD Monte Carlo

It is hopeless to count analytically all possible plaquette tiling (and quark
hoppings). We need Monte Carlo simulations.

@ Give Uijabel of step- At 1st, unit 1 or SU(3) random matrices.

Q Calculate P; = DetD[U;] e~ elUl,

© Generate U, 1 w probability weight P;. Vix
e Heat-Bath (HB) Method: local action. e.g. pure Yang-Mills
Sg x Eu,x Tchu,x Vu,X- Uy

e Hybrid Monte Carlo (HMC) Method:
Molecular Dynamics (EoM) + Metropolis (Accept/Reject).
Non-local action. e.g. with quark hopping DetD[U].

© With updated U, 1, go back to the first step. Repeat till an |_.__.__._}
observable O[U;] gets stable (thermalization).

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 26/57
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LQCD Meas. of HVP and a>""*

{UM}: HMC
\L 0.08 Tordown T T T T
o
D¢[U] = D[U, my]: Dirac Op. 0.06 | g
] =]
1 Solve Dirac Eq. S oosl L s 7 |
&
D;'[U]: Quark Propagator. } i
0.02 |- |
- 2 & 8 g
iy B B
0

o LMA, PRD2018
400 GRS w. LMA, 2002.12347 &

W(tm,) C*(t) x 10" fm™]
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LQCD Meas. of HVP and a>""*

{UM}: HMC
1 0.08 T T T T
et
D¢[U] = D[U, my]: Dirac Op. 006 | —° e
=) =
. . =}
1 Solve Dirac Eq. T ool o |
<= [}
D;'[U]: Quark Propagator. s ]
\L oo 8 2 % 2 2 i 27
Vector Current Correlator 0 1 2 3 4 5
- - Q?[GeV?)
Gl () = (@1 ¥)x (P )y=0) —
=9
V(X —<ReTr['yM ', 07“Df.0 ]>, : - =
. o 400 B N

Df, (x) = (Re[Tr[v. D} I Trlvw D; ) ly=o] ) »

W(tm,) C*(t) x 10" fm™]
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Lattice QCD for HVP / Muon g-2
0000000®

LQCD Meas. of HVP and a>""*

{UM}: HMC BMW2020 finest lattice ensembles.
\L 0.08 upt/down = T T T T
strange <+
D¢[U] = D[U, my]: Dirac Op. 008 | e
=]
. . =} =
1 Solve Dirac Eq. T ool o |
<E [}
~1[U]: Quark Propagator. .
\L 0.02 |- |
S 0 2 % 2 g 2 8 R 4
Vector Current Correlator 0% i 2 3 s 5
Q?[GeV?

pl/( ) <(1Z’Yuw))((1/_“/v¢)y:0> W—>

Cl (x) = —(ReTily, fxo%Df Ox]>’
DMV(X = <Re [Tr ,y“Df,xx]Tr[’yV f,yy]y:0}> ’

L
HVP: ! (Q) = F.T.[Gl,,(x)] ,

g- 2- aLOHVP ( )2 Zt W(l‘ mz)Gf( )

W(tm,) C*(t) x 10" fm™]

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 27/57
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Mainz HVP Working Group

M. Ce, A. Géradin, G. Hippel, R. Hudspith, S. Kuberski, H.B. Meyer,
K. Miura, D. Mohler, K. Ottnad, S. Paul, A. Risch, T. San José, J. Wilhelm,
and H. Wittig.

JHEP2022 and arXiv:2206.06582 [hep-lat]
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Comparison of Aol (—Q?)

0.01 )
1.0 GeV? ) GeV ) GeV:
0.0075 |- this work + | =
o BMWel7 - - -
9
of COCS Aca(—Q*) x 10°
of
< DHMZ data - - -~
0.0025 »
egerl.
- alphaDEDig
Lat[Mainz/CLS] —
0 i . KNT18[data] — KNTI18 data - - -~
0 2 4 6 8 10
Q?[GeV?| 360 380 575 600 675 700 725
Aafin(-Q?) x 10°

° Flg Left: LQCD [Mainz-JHEP22] vs. Pheno(KNT18[data], [KNT-PRD18]) for
£ (~@B) x fU9sob(_Q?). Right: Detailed comparisons.

@ Mainz results are consistent with BMWc17 but larger than
phenomenological estimates with a few sigma tension

o Larger Aol (—QB) < larger a:o""

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022
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Ao, (—@R) Summary

LQCD vs. Data Driven: HVP
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Error Type % Comments

statistical 1.1 simulation based
chiral/continuum extrap. 0.1 simulation based

scale setting 0.7 simulation based

isospion breaking 0.3 simulation based

charm sea-quark 0.3 D-meson pheno.

charm disconnected ~0.01 1% of uds-disc. c.f. [BMw-PRL1g]
bottom 0.3 w. time-moments by [HPQCD-PRD2015]

Table: Error Budget in

£ (~5GeV?) = 0.00716(8)sta(0)1it(5) scare(2)6(2) o-sea(2)b[9]

0 Ao (—@B)|cental = AN (—Q2)|cental from Ny = 2 + 1 ensembles.

@ |sospin breaking, charm-sea/disc, and bottom effects are considered into

systematic errors.

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022
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Euclidean Split Method

e Euclidean Split Method:

Aol (M2) = Aal) (~QB) +— LQCD / R-ratio
[Aahad( Mz) — Aaﬁf;d( Q3)] «— pQCD’
+[Bafu(M3) — Aafiy(~MB)] +— 0.000045(pQCD) .

e c.f. Usual R-ratio Method (Data-Driven Pheno.):
~agMZ > R(s)

P ds

®) (p2
Aogh(M :
hao(M2) = =37 e S(s— M2)

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 32/57
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pQCD’[Adler]

@ Naive expression for higher energy corrections:
) a2y A8 ] Qe 2y [ R(s)
DofSh(~M3) — AalSh(~ Q)] = 22 (M2 00)./sz o YT

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 33/57
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pQCD’[Adler]

@ Naive expression for higher energy corrections:
* R(s)

o mwo

@ Higher energy corrections w.r.t. Adler function D(—Q?):

I\/l% doZ
[Baf(-18) ~ Aaf(-Gh)] = 5 | " D-E), ()
Y0

where D(—Q?) = (37/ao)[s dAa>(s)/ds],_ _ge-

@ For the Adler function, pQCD relatively works:
pQCD'[Adler] = pQCD + Operator Product Expn. + Padé fits
captures J/WV and T resonances.
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Adler Function

sl ]
R4
- 0
G 2t .
a
1 L ]
3l-pQCD+OPE+Pade ——
from R-ratio —
0 | | | ot
0 2.5 5 7.5 10 125 15

Q[GeV]

Red: D(—@Q?) using pQCD’ = 3I-pQCD + OPE + Padé.
Blue: D(— Q) = @? [,;, ds R(s)/(s + Q%)
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Euclidean Split Method

e Euclidean Split Method:

Aol (M2) = Aal) (~QB) +— LQCD / R-ratio
[Aahad( Mz) — Aaﬁf;d( Q3)] «— pQCD’
+[Bafu(M3) — Aafiy(~MB)] +— 0.000045(pQCD) .

e c.f. Usual R-ratio Method (Data-Driven Pheno.):
~agMZ > R(s)

P ds

®) (p2
Aogh(M :
hao(M2) = =37 e S(s— M2)
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QED Coupling at Z-pole with Mainz LQCD

T —
Lat + pQCD'[Adler] R
Lat + KNT18[data] ol
R-ratio M@W
KNT19 O

DHMZ19 <
Jegerlehner19 w

sere Mainz LQCD, JHEP-2022
EW-Gilobal Fit
MS20 ——T A @ ¢ = Mainz LQCD + pQCD’[Adler]:
kg v Do) (M2) =
Gfitter18 — 0.02773(9)1at(2)heavy (12)paco’ [Adier [15]1ot -

n n | n n | n L | n n |

0.026 0.027 0.028 0.029 @ B = Mainz LQCD + KNT18[data] =
Aocf;d(Mg) consistent to ¢.

Figure: 5-flavor quark/hadron contributions to
QED coupling at Z-pole.
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QED Coupling at Z-pole Comparison |

T —
Lat + pQCD'[Adler] g
Lat + KNT18[data] e
R-ratio @W
KNT19 S
DHMZ19 DA
Jegerlehnert < Mainz LQCD, JHEP-2022
MS20 @ First symbol ¢ is consistent with all results
Keshavarzi using R-ratio.
et.al.20
Giitter18 @ Recall that 2.5¢ tension has existed for

— — — —! Aag)d(—5GeV2). The tension has

0.026 0.027 0.028 0.029 diminished due to the error from higher

2
Aa(:a)d(MZ) energy.

Figure: 5-flavor quark/hadron contributions to
QED coupling at Z-pole.
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QED Coupling at Z-pole Comparison Il

L — ]
Lat + pQCD'[Adler] S ]
Lat + KNT18[data] il «\/\@\/\,
R-ratio
KNT19
DHMZ19
Jegerlehner19 - Mainz LQCD, JHEP-2022
@ First symbol ¢ is consistent with one of the
MS20 Jehgerlehner’s estimate ¢, which also
Keshavarzi adopted the Euclidean split method.
et.al.
Gfitter18
e ‘ ‘ ‘ ‘ @ The small difference solely results from the
0.026 0.027 0.028 0.029 low energy contributions Aaﬁa)d(ng),
5 2 where we used Mainz LQCD data while
Ao (M2)
had\""'z

Jegerlehner did R-ratio data.

Figure: 5-flavor quark/hadron contributions to
QED coupling at Z-pole.
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QED Coupling at Z-pole Comparison |l

I T
Lat + pQCD'[Adler] HoH
Lat + KNT18[data] -

KNT19 f\/\@w

DHMZ19
Jegerlehner19
EW-Gilobal Fit Mainz LQCD, JHEP-2022
MS20
Keshavarzi First symbol ¢ is consistent with one of the
2;1;1 8 Malaescu-Schott’s estimate A, which is from
L L . n EW-Global fits with Mp44s left as a fit parameter
0.026 0.027 0.028 0.029  (no-prior).
2
Aogg(M3)

Figure: 5-flavor quark/hadron contributions to
QED coupling at Z-pole.
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QED Coupling at Z-pole Comparison IV

L 7
Lat + pQCD'[Adler] o
Lat + KNT18[data] ol

~~ @D~

KNT19
DHMZ19
Jegerlehner19 .

o Mainz LQCD, JHEP-2022
EW-Global Fit . )
MS20 — If Mpiggs = 125 GeV is used as a prior,

Keshavarzi ——— EW-Gilobal fits gives v: As [Crivellin et al,
otal20 PRL2020] pointed out, the SM Higgs favors

Gfitter18 v (5) 2
L L . n somewhat lower Ay (M3). However, the
0.026 0.027 0.028 0.029 tensionis atmost 1.30. EW physics is not
) pp2 necessarily spoiled by the current LQCD HVP.
Aay24(M3)

Figure: 5-flavor quark/hadron contributions to
QED coupling at Z-pole.
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Reminder: How To Calculate a;>"*

e LQCD:
2™ = 5™ W(t, m,)G(t, D'[U]) .
t

W(t,m,) G*(t) x 10" [}

e Data-Driven Pheno: e e Upsions |
SR /d02 w(Qz/mi)ﬁ(—QZ) 7 ;o | |
. 2 oo e VU oy i
ﬁ(_QZ) _ Q / dS H(S) alL 1
1272 0 S(S+ 02) ’ . / ; ; : KNTIE —]
0 25 5 75 10 125 15
s'2 [Gev]
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Long Distance Control

100

& ) ‘ wo. LMA, PRD2018

E sl 8 w. LMA, 2002.12347_+o- |

° o]

o ©

‘>_< 60 - (D(D N .

E swf %@ Fig: Zoom of long-distance region of

[ 2 %%@ the integrand of

2 3 3 )

g b AP = (2)2 5, W(t, m2)CH(t)

s ‘ ‘ BMW-2020/2018 a = 0.064 fm e.g.
2 25 3” ] Need to control around hc/My ~ 4 fm.

t[fm

Low-Mode Averaging (LMA)

@ Get exactly Dirac eigen values/vectors {\n, vo} w. Lanczos-like method from below.

@ Constract Dirac propagator as D~ = De’ig1 + Dr;f1t’ where,

D71 . anr‘i; Df1 _ D71 1— i 12
eig — Z ’ rest — Z ap )) o (12)
AnS(ms/2) " AnS(ms/2)

The rest part DrE;t is stochastically evaluated (Conjugate Gradient).

K. Miura (KEK-IPNS) FPWS2022, Nov. 10, 2022 44/57



WP2020 + BMW2020

LQCD vs. Data Driven: Muon ¢
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WP2020(Phys.Rept. 887 (2020))

LO-HVP

@ """ =711.6(18.4) - 1071,

@ Top-cited hep-ph paper of 2020!

BMW2020(Nature 593 (2021) 7857)

HVP,LO 10
a’"t° 10
T T
LQCD
(et o BMW-20
H—————— LM-20
—— ETM-18/19
Bt Mainz/CLS-19
——— FHM-19
——+—e—— PACS-19
T e RBC/UKQCD-18
(Pheno)
DHMZ-19
KNT-19
No New Phys
CHHK-19
L L
650 700 750

Figure: LO-HVP (O(a3)) muon g-2

comparison.

c.f. (No New Phys.)

= (FNAL/BNL) — (SM wo. LO-HVP).

K. Miura (KEK-IPNS)

@ 2o —707.5(2.3)(5.0)- 10~1°, 0.8%

@ Small Tension to “No New Physics”:
LQCD-based Interpretation for FNAL/BNL.

@ (2.0/2.5/2.4)0 tension to
DHMZ19/KNT19/CHHKS19.
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LO-HVP
Integrand of a; -y

500

400 |-

=
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E
e &
E 300 [ g g 4 fm
ol g
& 200 [ @§
= [ 4
1S
£ 100} &
= ¥
ol deen
0 1
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aLO HVP Z W t mu)c/af(t) (13)
c.f. CPe(t) = / dsv/SRhaa(s)e VoI (14)
0
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LO-HVP
Integrand of a; -y

500

400 |-

=
Btitae
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LI T [ T I

€
e 300 |
2 200 [
E
S 100 f
0 -
t [fm]
aLO HVP Z W t mu)claf(t) (15)
c.f. CPe(t) = / dsv/SRhaa(s)e VoI (16)
0
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Window IR Threshold

500 /7 : : a=0134 m = LS i i T =507m o
= . aoim = 125 F 3
g 0¢ ﬁ% 2200851m — ] e
2 Y e s iiges £ 1F s e gt
S 300 f g % 1 =
% ? % ng 0.75 | k ]
S 20k " 1 & st E
= HILY L <
S 100f & 3 : 025 [ 1
s g
0 ’f > = 0 0 0.005 0.01 0.015 0.02
g U g a2 [fm?]
. . . . + =<
@ FV: Spatially n-th wrapping pions w. pion form factor. e AN
[M. Hansen & A. Pattella, PRL2019, arXiv:200403935.] Y, L YV
. o \ !
@ ty = 0.4fm (fixed), & =5.0fm. AN
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Window IR Threshold
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@ FV: Spatially n-th wrapping pions w. pion form factor. . AN
[M. Hansen & A. Pattella, PRL2019, arXiv:200403935.] N L Fprr } /V\/
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@ fy = 0.4fm (fixed) , & =4.0fm. AN
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Window IR Threshold
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@ FV: Spatially n-th wrapping pions w. pion form factor.

[M. Hansen & A. Pattella, PRL2019, arXiv:200403935.]

@ ty = 0.4fm (fixed) ,
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ty =2.0fm.
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Window IR Threshold
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Window Method Comparison

e ETMC 22
@+~  Mainz/CLS 22
H—o—i ETMC 21

Fig: Thanks to Simon Kuberski.
Update of arXiv:2206.06582.

—e—  BMW 20
o RBC/UKQCD 18

—0— Colangelo et al. 22 (R-ratio)

230 235 240
(1,;71“ x 10710
@ BMW-20: g/ = 236.7(0.4)(1.3)[1.4] - 107°..
@ Mainz/CLS-22: a" = 237.30(0.79)(1.22)[1.45] - 10~ 7.

@ The latest three LQCD: 0.5% — 0.6% precision, 3.50 — 3.9¢ tension to
Data-Driven Pheno (R-ratio).
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Summary

@ Mainz/CLS: QED Coupling (JHEP-2022):
° Aahad(—SGevz) is larger than Data-Driven Pheno w. 2.5¢ tension.

o Aapgag(M2) = 0.02773(15) is consistent with the Data-Driven Pheno and EW
global fits.

@ BMW-Nature21:
o a%"P =707.5(2.3)(5.0)- 10710, 0.8%.
e Small tension to No New Physics: (718.2 £ 4.4) x 1010,
@ (2.0/2.5/2.4)0 tension to Data-Driven Pheno DHMZ19/KNT19/CHHKS19.

@ Window Analyses:
e BMW-20: aj’f’” =236.7(0.4)(1.3)[1.4] - 1010,
o Mainz/CLS-22: a}’{”" = 237.30(0.79)(1.22)[1.45] - 10— 10 .
e The latest LQCDs: 3.50 — 3.90 tension to Data-Driven Pheno (R-ratio).
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Future Works

@ Need to update LQCD &> to per-mil presision consensus.

@ Need to specify a source of LQCD-Pheno tensions:

@ Problem in modeling in /s < 0.7GeV in R-ratio? [Keshavarzi et.al.(2006.12666)].

o Problem in modeling just after ¢ peak? [Mainz/CLS 2206.06582].
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