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Theory Error Budget

a,(EW) = 154 (2) x 10"
a,(HVP-LO) = 6894 (40) x 10"
a, (HVP-NLO) = -98 (1) x 10"
a(HLBL) =  116(39) x 10
105 (26) x 101
Sa,™ = " 48 x 101

0 a FBXP = * 63 x 107 BNL E821

W. Marciano, arXiv: 1001.4528/hep-ph
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HLBL Contributions
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Pseudoscalar Pole Contribution

O (Ne) Lyzw: In? term —
+
) ) > Sign error discovered

by Knecht et al

i; + ; P44 Interm —
o &= Expt (MRM, Wise)

Overall LEC —
? / ' Models, lattice QCD...
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Significantly reduced: KTeV ‘07

a,(xPT) = (51 31 C) x 10"



Pseudoscalar Pole Contribution
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Representative Models

 Hidden Local Symmetry (HLS) [1]

« Extended NJL (ENJL)/VMD[1,2]

* Constituent Chiral Quark Model (CxQM) [3]
* AdS/CFT [4]

» Dyson-Schwinger [5]

[1] Hayakawa, Kinoshita, Sanda ‘95

[2] Bijnens, Pallante, Prades ‘96

[3] De Rafael ‘12; Boughezal & Melkinov ‘11

[4] Hong & Kim ‘09; Cappiello, Cata, D’Ambrosio ‘11
[6] Goeke, Fischer, Williams ‘11, ‘12
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Short Distance Constraints

Vainshtein & Melnikov ‘04
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Charged Pion Contribution

Kinoshita, Nizic, Okamoto ‘85 ; Hayakawa, Kinoshita, Sanda ‘95
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Charged Pion Contribution

Kinoshita, Nizic, Okamoto ‘85 ; Hayakawa, Kinoshita, Sanda ‘95
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Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: subgraphs
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Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM
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subgraphs in full HLBL contribution
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Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM
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subgraphs in full HLBL contribution
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Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: embedding
subgraphs in full HLBL contribution
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Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: embedding 2’332‘;’6’037502
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Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: embedding
subgraphs in full HLBL contribution
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Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: embedding
subgraphs in full HLBL contribution

Feh avh 5
S S

5 ' \ '
- * - + - -
e e . “ .,
x , L}
i 1 ) 4 i 1 v I
| ' v H " K EEnm
. . e . Ya g e
;2 HE" % %

S P 3 S
Charge § j
radius N ] _ LS

Pol’bility




Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: embedding
subgraphs in full HLBL contribution
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Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: embedding
subgraphs in full HLBL contribution
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Beyond xPT: Modeling High Q?

Analgous problem: Pseudoscalar EM mass splitting

Donoghue, Holstein, Wyler ‘93

2 g 2 2
Ami=0m75 —dmj
2

e dq 1 ..
2 f (27)* g2 " TP )= T (p,9)]
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Analgous problem: Pseudoscalar EM mass splitting
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Beyond xPT: Modeling High Q?
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Donoghue, Holstein, Wyler ‘93
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Beyond xPT: Modeling High Q?

Analgous problem: Pseudoscalar EM mass splitting

Donoghue, Holstein, Wyler ‘93
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Charged Pion Contribution: Model

Kevin Engel (Caltech), MRM

al®=-45x10"1" > -11.6x107%°
A, .

/7
alMD = —1.7 x 10710 @1)966.7 x 10710

a"> =—4x107" S5 _16x10°10




Charged Pion Contribution: Model

Kevin Engel (Caltech), MRM

al®=-45x10"1" > -11.6x107%°
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Model uncertainty ?



Charged Pion Contribution: xPT

Kevin Engel (Caltech), Hiren Patel (Wisconsin), MRM

Beyond leading order: embedding
subgraphs in full HLBL contribution
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HLBL: Compilation

Nyffeler 1001.3970

Contribution ~ BPP [8] HKS, HK [9) KN [10] MV [11] BP [5], MdRR [1] PdRV [6] N [13], JN [3]

70, n,n' 85113 82.7+6.4 83+12 114410 — 114413 09416
axial vectors 2.5+1.0 1.74+1.7 — 2245 — 15+10 2245
scalars —6.81+2.0 — — — — == —7+2
m, K loops —194+13 —4.54+8.1 — — — —19419 —19+13
T - - wn - -
quark loops 21+3 9.7+11.1 — — — 2.3 21+3

Total 83+32 89.6+15.4 80+40 13625 110440 105126 116+39
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70, n,n' 85113 82.7+6.4 83+12 114410 — 114413 09416
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[ m, K loops —194+13 —4.54+8.1 — — — —19419 —19+13 ]
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HLBL: Compilation

Nyffeler 1001.3970

Contribution ~ BPP [8] HKS, HK [9) KN [10] MV [11] BP [5], MdRR [1] PdRV [6] N [13], JN [3]

0 85+13 82.716.4 83+12 114+10 — 114+13 09+16
axial vectors 2.5+1.0 1.7+1.7 - 2245 — 15410 2215
scalars —6.842.0 — — — —T+T7 —T7+2
[ m, K loops —19413 —4.548.1 — — — —194+19 —19413 ]
e e R -
quark loops 21+3 9.7+11.1 — — — 2.3 21+3
Total 831432 89.61+15.4 80440 136+25 110440 105+26 116+39

HLS




HLBL: Compilation

Nyffeler 1001.3970

Contribution BPP [8] HKS, HK [9] KN [10] MV [11] BP [5], MdRR [1] PdRV [6] N [13], JN [3]
0 nn' 85413  82.746.4 83+12 114410 _ 114+13 00+16
axial vectors 2.5+1.0 1.7+1.7 — 2245 — 15410 2245
scalars it — — — s =
[ m, K loops —19413 —4.548.1 — — — —194+19 —19413
7, K loops
+subl. No _ _ _ 0+10 _ _ _
quark loops 21+3 9.7+11.1 — — — 2.3 21+3
Total 83432 80.6+15.4 80440 13625 110+40 105426 11639
ENJL/VMD  HLS

ENJL/VMD




HLBL: Compilation

Nyffeler 1001.3970

Contribution ~ BPP [8] HKS, HK [9) KN [10] MV [11] BP [5], MdRR [1] PdRV [6] N [13], JN [3]

0 nn' 85413  82.746.4 83+12 114410 _ 114+13 00+16
axial vectors 2.5+1.0 1.7+1.7 — 2245 — 15410 2245
scalars —6.842.0 — — — — —T+T7 —T7+2
[ m, K loops —19413 —4.548.1 — — — —194+19 —19413 ]
7, K loops
+subl. No _ _ _ 0+10 _ _ _
quark loops 21+3 9.7+11.1 — — — 2.3 21+3
Total 83432 80.6+15.4 80440 13625 110+40 105426 11639
KTE, MRM -16 + 20 ? -67 + 20 7?
New Total ? +78+ 247 +55+ 27 7?7

Increase Aa, by ~1 o



HLBL: Compilation

Nyffeler 1001.3970

Contribution BPP [8] HKS, HK [9] KN [10] MV [11] BP [5], MdRR [1] PdRV [6] N [13], JN [3]
7 0,0 85+13 82.7+6.4 83+12 114410 — 114+13 99+16
axial vectors 2.5+1.0 1.7+£1.7 — 2245 — 15+10 2245
scalars —6.84+2.0 — — — — —TET —T7+2
[ m, K loops —19+13 —4.5+8.1 — — — —19+19 —19+13 ]
7, K loops
+subl. N~ _ _ _ 0+10 _ _ _
quark loops 21+3 9.7+11.1 — — — 2.3 21+3
Total 83132 89.6+15.4 80+40  136+25 110+40 105+26 116439
KTE, MRM -16 + 20 ? -67 + 207
New Total ? +78+ 247 +66+ 277
Asymptopia v x

Increase Aa, by ~1 o




HLBL: Compilation

Nyffeler 1001.3970

Contribution ~ BPP [8] HKS, HK [9) KN [10] MV [11] BP [5], MdRR [1] PdRV [6] N [13], JN [3]

0 85+13 82.716.4 83+12 114+10 — 114+13 09+16
axial vectors 2.5+1.0 1.7+1.7 - 2245 — 15410 2215
scalars —6.842.0 — — — — —T+T7 —T7+2
[ m, K loops —19413 —4.548.1 — — — —194+19 —19413 ]
7, K loops
+subl. No _ _ _ 0+10 _ _ _
quark loops 21+3 9.7+11.1 — — — 2.3 21+3
Total 831432 89.61+15.4 80440 136+25 110440 105+26 116+39
KTE, MRM -16 + 20 ? -67 + 20 7?
New Total ? +78 + 24 ? +55 + 27 ?
Asymptopia v x

DSE Goeke, Fischer, Williams (B1, E2) +188 +_4 (stat)






Tenth Order QED

Aoyama, Hayakawa, Kinoshita, Nio ‘12

NN =

FOR R (PN (2N (P

0,(QED) = 3 (2] a2 0 20 RN LD N
ar

Ns=l=i=i=l=

VIib)

(5 5 [ e

) VIEr=" Vlih)

TABLE NII. Contributions to muon g — 2 from QED perturba-

tion term a."(a/w)" X 10", They are evaluated with two
values of the fine-structure constant determined by the Rb
experiment and by the electron g — 2 (a,).

order with & !'(Rb) with ™ '(a,)

2 116 140 973318 (77) 116 140 973.213 (30)

4 413 217.6291 (9N 413 217.6284 (89)
6 30 141.902 48 (41) 30 141 .902 39 (40)
8 381.008 (19) 381.008 (19)

10 5.0938 (70) 5.0938 (70

a, (QED) X 10" 116 584 718951 (B0) 116 584 718.846 (37)




Summary

* Hadronic contributions to a, remain an outstanding
challenge for QCD theory

» Goal: reducing 6 a,"" to below *_15 x 10" (future
FNAL exp’t goal) — a factor of 3-4 reduction in theory
error

» Reaching this goal requires new scrutiny of all
contributions previously considered “under control”
(quark and pseudoscalar loops)

* Minimizing model-dependence — Checking
consistency with chiral and pQCD limits

 Ulimate frontier: lattice QCD, but with insight from
other approaches



