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© Introduction and background

3/33



Standard Model Theory: QED4+EW+QCD
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Longstanding discrepancy, new experiment, new theory
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http://www.int.washington.edu/PROGRAMS/19-74W/

Experiment - Theory

SM Contribution  Value = Error (x10') Ref notes
QED (5 loops) 116584718.951 £ 0.080 [Aoyama et al., 2012]
HVP LO 6931+ 34 [Davier et al., 2017] 2019 — 3.30

6932.6 £ 24.6  [Keshavarzietal, 2018] — 3.70

6925 + 27 [Blum et al, 2018]  lattice+R-ratio (J17), — 3.7¢0
HVP NLO —08.2+ 0.4  [Keshavarzi et al., 2018]
[Kurz et al., 2014]

HVP NNLO 12.4+0.1 [Kurz et al., 2014]
HLbL 105 4+ 26 [Prades et al., 2009]  Glasgow Consensus
HLbL (NLO) 3+2 [Colangelo et al., 2014]
Weak (2 loops) 153.6 +1.0 [Gnendiger et al., 2013]
SM Tot 116591820.5 4+ 35.6 [Keshavarzi et al., 2018]
Exp (0.54 ppm) 116592080 + 63 [Bennett et al., 2006]
Diff (Exp — SM) 2595 £ 72  [Keshavarzietal, 2018] — 3.70

QCD errors dominate, A HLbL ~ A HVP,

Discrepancy is large
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@ Hadronic Vacuum Polarization contribution
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HVP contribution to muon g-2 from dispersion relation/data

Use dispersion relation + ete™ — hadrons cross section (Bouchiat and Michel, 1961]
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Blob: all possible hadronic states
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HVP contribution to muon g-2 from dispersion relation/data

e DHMZ 2017: 693.1 +3.4 x 10710 _—
FJ 2018: 688.07 +4.14 x 10710 i

BNL-E821
0£63

J2018 —e—i
-815+44 (4.10)

*]

e DHMZ 2019: 693.9 + 4.0 x 10710 |
e KNT 2018: 693.3 + 2.5 x 1010 KNT2018 -

@ BaBar and KLOE dominate 77 channel

(*]

Longstanding discrepancy
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HVP contribution to muon g-2 from lattice QCD

Use |attice QCD [Blum, 2003, Lautrup et al., 1971]
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; + ; Blobs: Non-Perturbative quark loops
(@) = [ e ™ (if0) = () (9. — o)
= (W)/O dq” f(¢%) N(q?)

Time Momentum Representation (TMR) [gemecker and Meyer, 2011]
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HVP contribution to muon g-2 from lattice QCD

290 | ' | " Light+Strange (641)
- ” S Ight+Strange
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0 l l l l | R R R SEens =
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t/fm

[Blum et al., 2018]

o a;/VP = 715.4(16.3)5(7.8)/(3.0)c(1.9)a(3.2)other X 10710 = 715.4(18.7) x 1010
e O(5—6) x 1071 error by end of year
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Summary of HVP theory results

u+d conn. contribution. [Aubin et al., 2019]

T T T T T T
ETMC 2013 |- b Lattice
HPQCD 2016 —_— 4
Mainz 2017 p+—+——+———+— B —_— BMW(2018)
BMW 2017 |- _ .
RBC/UKQCD 2018 |- H———H E —_— RBC/UKQCD(2018)
ETMC 2018 |- [ m— B
SK 2019 | —_— ETM(2018)
FNAL/HPQCD/MILC 2019 - bt B
Mainz 2019 |- H——H 4 —a— Fermilab/HPQCD/MILC
RBC/UKQCD 2018 F s Lattice + Roratio - @019)
HLMNT 2011 |~ e Reratio = Shintani and Kuramashi
DHMZ 2012 |- HEH B (2019)
DHMZ 2017 | =1 - s Mainz(2019)
Jegerlehner 2017 - — -
KNT 2018 |- =] B —_— this work
No new physics |- - R 610 630 650 670 690
Il Il Il Il Il Il Il
610 630 650 670 690 710 730 750 auHV” x 1010
a, x 10"

(C. Lehner, Lattice 2019)
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Comparing and Combing HVP theory results

1 o
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[Blum et al., 2018]
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Comparing and Combing HVP theory results

RBC/UKQCD Window Method [Blum et al., 2018]

a, = > w(t)C(t) =4 +a) +a.,°,
t

ai’ = ) w(t)C(D)[1 - O(t, to,A)],

t

ay = > w(t)C(t)[O(t, to, A) — O(t, tz, A)],

t

a” = ) w(t)C()O(t, ty,A)

t

O(t,t',A) = [1+tanh[(t—t")/A]]/2
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Comparing and Combining HVP theory results
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Comparing and Combining HVP theory results

215

taste+fv-+mpi corr. (w)
DWF (W) @
R-ratio

200

195

0 0.004 0.008 0.012 0.016

a% (fm?

HISQ, DWF, R ratio comparison [aubin et al., 2019]

to=0.4, t; =1.0, A =0.15 fm
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Hadronic Light-by-Light Scattering Contribution
(3 ) ght-by-Lig g
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Hadronic Light-by-Light Scattering
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Analyth/Data ApproaCh tO HI_bI_ Summary G. Colangelo, INT (Seattle) September 2019

| Contribution | PdRV(09) | N/IN(09) | J(17) |  White Paper |
7%, n,n'-poles 114 £ 13 99+ 16 95.45+12.40 93.8+4.0
m, K-loop/box —-19+19 —19+13 —-20+5 —-16.4+0.2
S-wave 7 — — — -8+ 1
scalars —-7+7 —-7+2 —-5.98 +1.20 543
tensors — — 1.14+0.1
axials 154+ 10 22+5 755+2.71 8+8
g-loops / SD 2.3 21+3 22.3+5.0 10+ 10
total 105 + 26 116 = 39 100.4 +-28.2 85 + XX

HLbL in units of 10—,
PdRV = Prades, de Rafael, Vainshtein (“Glasgow consensus”); N = Nyffeler;

J = Jegerlehner


https://indico.fnal.gov/event/21626/session/2/contribution/9/material/slides/0.pdf

HLbL contribution to g-2 from lattice QCD+QED

@ QED treated in finite volume: QED [Bium et al., 2015]

@ QED treated in oo volume, continuum: QED.g [Asmussen et al., 2016]

RBC results at physical mass, V — oo, a — 0, QEDy; prelim results for QED

Mainz and RBC cross-checked at heavy mass, QED,

Mainz computed pion TFF, pion-pole contribution, V — 00, a = 0

RBC preliminary results for pion-pole contribution
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Point source method in QCD+pQED (L. Jin) sum et 201

@ Importance sample point source propagators at x and y

Tsnk Tsre

@ Three diagrams together enforce Ward Identity on each configuration

e Moment method allows computation of F»(g?) directly at g =0

Techniques produce huge improvement in statistical error over original
non-perturbative QED method [Bium et al., 2015]
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Quark-line disconnected diagrams

Leading O(ms — my g)

Tsr N Yo ol p ekl Yo o 2k Tsnka o o ey Tank
O(ms — my 4)? and higher

e only 1 diagram (upper-left) does not vanish in SU(3) flavor limit

@ Perms. of internal photons, gluons within and connecting quark loops not shown
22/33



HLbL, QED;, m, ~ 140 MeV, 48 S L <596 fm, 1 S a1 <23 GeV
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@ Cumulative sum up to distance r, max between sampled points
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HLbL, QED,;, m, ~ 140 MeV, oo Volume and a — 0 limits

au(L,a',a") = a, (1 — (milL)2 —a(a)? —q(aP)? + cz(aD)4>

connected disconnected total
30 : . ; P
o | 32D e )
25 48D —+— 5L e
32Dfine - _—
. BOr q z.m—m:r?gb e ok //“»/*’ N
s K 1 e ——Z L = -
:: * % $-15 —{ R g e
10+ - B L
sk 8 ~20 1 1 5l &
ol . . . _as . I . ol . . .
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
1/(my, L) 1/(m,L)* 1/(m, L)
(RBC, preliminary)
a°HLPL - —  94.16(2.30)(5.10) x 107 1°
gL —  _17.12(3.46)(4.37) x 10710
allthl - — 7.2(4.0)(1.7) x 10710

24/33



Inflnlte VO|Ume QEDOO [Asmussen et al., 2016, Blum et al., 2017]

QCD in finite volume, QED in oo volume, continuum (c.f. HVP contribution)
x Yy
analytic integral, computed numerically for

each triplet x,y, z

tsre a,p K B,o tsnk

@ Subtract terms that vanish as a — 0, L — oo to reduce 0(32) €rrors [Blum et al., 2017]
e Leading FV error is exponentially suppressed (c.f. HVP) instead of O(1/L?)
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Plon pOle from |attice (Cheng TU) N. Christ, Muon Theory g-2 Initiative HLbL Workshop, UConn 2018

e Long distance part computed in position space on lattice QCD, (J,(x)J,(x')|7)
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HLbL, QED,.+7%pole (LMD), m, = 142 MeV, a = 0.2 fm, L = 6.4 fm

connected disconnected total

32D ——i

32D ) 32D ——i
32D pi0 rev sum 32D pi0 rev sum 32D pi rev sum
32D combine 32D combine 32D combine
35 T T T 5 T T : 18 T T T
20 16 - -
( 0 . 1| H
. 1 1
25 7 1
T B T 1 | oer A
s 0 {{if: I}T s 10 N
2 Ei T = 1Lt
< 15 I}{ T -10 iI%TLXS* VT“IM—‘*
N e T[]
- —15 1 4+ E3 —
= = =
+ 2 E
o L+ ~20 1 LT
-5 _25 ! ! ! ! I ! | 2 1 1 I I I | I
0 o o1 2 2 33 4 0 o JE 2 25 3 3 4 0 o 1o 2 2 335 4
Riax/fm Rypax/fm Rinax/fm

(RBC, preliminary)

At 2.5 fm, the combination gives a, = 11.47 &= 1.27 4, ¥ 10710
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Non-leading disconnected contribution to HLbL, QED, (i)

0.4 T T T T T
"l . } T
R B E3ehi D) )
« —02F ] . — 0F——7 I f T -
< v v e
S —04 - _-05} { J }
—0.6 = 24D: 243 x 64 EE atb
0.8 | ! | | | L =48 fm :3»1.5 E
0 05 1 15 2 25 3 . 1_10156V ° 2f
Ruax/fm M, = 142 MeV 25}
= Partial sum upto Rpax My =512 MeV 3 . . . . .
0 0.5 1 15 2 25 3
Rmax:max(\xfy\,|xfz\,|yfz|) 1Y lmax [fm]

Mainz (220 MeV pion)

negligible contribution compared to error on leading contributions
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Q Summary
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Hadronic contributions from lattice QCD Summary

Lattice calculations crucial for Standard Model
test with experiment (FNAL E989, J-PARC J34)
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Muon g-2 Theory Initiative

White paper with new consensus theory value by
end of year
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