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Physicists publish worldwide consensus of muon magnetic
moment calculation

Sy — ) O [ Theory Initiative Website:

For decades, scientists studying the muon have been puzzled by a strange pattern in the way muons rotate in magnetic fields, one that

o weriog 1 can be by the Standarc Model — the bes toolphysicsts have o understand he univers. https://m uon-gm 2-theory.illinois.edu/white-paper/

This week, an internaticaal team of more than 170 physicists published the mest reliable prediction so far for the theoretical value of the
muon's anomalous magnetic moment, which would account for Its particular rotation, or precession. The magnetic moment of
subatomic particles is generally expressed in terms of the dimensionless Landé factor, called g. While a number of intemational groups
have worked separately on the calculation, this publication marks the first time the global theoratical physics community has come
together to pubfish a consensus value for the muon's magnetic moment

Tha result differs from the most recent expe tal mea ent, which was performed at Brookhaven National Laboratory in 2004,
bt not significantly encugh to unambiguously answer this question.

Now the world awaits the result from Fermilab's current Muon g-2 expariment, In the upcoming months, physicists working on the
will unveil their y for the value. Depending on how much the Standard Model theoretical calculation
differs from the experimental measur 1 may be one step closer to determining whether the muon's magnetic

interactions are hinting at particles or forces that have yet to be discovered
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; . e =
Magentic moment: i = —2—gS . g=2 = bare (no quantum effects)
m
(Dirac)
q

= Renormalise the QED vertex: [ ohys (K1, k2) = N )\Jr ’L\ 4

—

‘\‘1 A

= By virtue of Gordon decomposition: I'"'(k1,k2) = —ie lv"Fn(qz) + - 5 F'z((lz)]

F5(0
€ 2() )Fpua’w)d' =0

= In NR limit, with ks — k1 = g — 0: (","(0,, TR Y

— New F5(0) form factor term in Dirac equation from radiative corrections

: : : 1 = P =
= Effective Hamiltonian: H = [ﬁ(ﬁ-— eA)? +eA" + #(1 + Fg(O))E.BJ

—

— Magnetic potential U = —ji- B = (1 + F5(0)).B = —gS.B = —gd.B

2n

= Implies g = 2 + 2F5(0) with quantum effects — a = F5(0) = (g — 2)/2 J

3F Fermilab
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The muon g — 2

Magnetic moment: i = —g,S: g=2 — =2+ 2a
2m I H g K
(Dirac) (+ radiative corrections)

- a, arises due to quantum corrections inherent from RQFTs (QED, SM)
- These effects manifest differently for the theoretical/experimental determination.

Theory, M p

. X
i Experiment, a,

— 1948, Schwinger: a, = geT_Z = iﬂ = 0.001162 — 1948, Kusch & Foley: g, = 2.00238

2

— Corrections to the QED vertex function: — Anomalous precession frequency, w,

q
Dy (R ez} = = + 4o

ky ko

— Must determine all SM contributions to
sufficient loop order

actual precession x 2

Experimental measurements naturally contains all higher order effects

— Compare aSM and a*P to rigorously test SM
(L i
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The muon g — 2

Magnetic moment: i = %gﬁ . g=2 — g=2+2q,
(Dirac) (+ radiative corrections)

- a, arises due to quantum corrections inherent from RQFTs (QED, SM)
- These effects manifest differently for the theoretical/experimental determination.

M exp

Theory, a; S Experiment, a,

— Today, The Muon g-2 Theory Initiative — 2003, BNL measurement

4-year long international collaborative effort:
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EGmlzZGI JRG SGII[KhIf DH(t NHrmansmn ruedsson e

Theory Initiative Website:
https://muon-gm2-theory.illinois.edu/white-paper/

Community approved aEM vs. BNL aﬁXp yields Aq, = aSXp — aEM =(27.9+7.6)x1071°

— 3.70 discrepancy hints at new physics beyond the SM.

3F Fermilab
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The muon g — 2

Magnetic moment: ji = — g#§: g=2 — g=2+2aq,

2m
(Dirac) (+ radiative corrections)

- a, arises due to quantum corrections inherent from RQFTs (QED, SM)
- These effects manifest differently for the theoretical/experimental determination.

Theory, M P

. eX
u Experiment, a,

— Today, The Muon g-2 Theory Initiative — Today, Muon g-2 Experiment at Fermilab

4-year long international collaborative effort: Aiming for x4 improvement in total uncertainty.
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Analysis of Run-1 data being finalised for publication.
— Will confirm validity of Muon g-2 discrepancy and potential for BSM discovery.
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aTheory _ aQED ' aEW =

?7?
) S had, VP i ahad, LbL 4 aBSM.. J

p p p

1-loop 2-loop

Known to five-loop SM . SM
99.99% of ~0.001% of da
QED /jb\ ' /%\ "7 (12,672 diagrams) /o of a % of ba,

L2 @ b) 9 )
EW .5 Known to two-loop. 556704 of oSM ~0.2% of oM
i il X\ (with mg known)
# Vi VA H

HOVP .
HVP Non-perturbative ¢ 6069 of oM ~47% of 6
; ; (data input + lattice)

HLbL Non-perturbative: = 4061%of oSM ~53% of SaiM
(data input + model/lattice)

BSM IS T

3F Fermilab
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Kinoshita et al. 2012: 5-loop completed numerically (12672 diagrams):

... but 4-loop and 5-loop rely heavily on numerical integrations

Recently several independent checks of 4-loop and 5-loop diagrams:
Baikov, Maier, Marquard [NPB 877 (2013) 647], Kurz, Liu, Marquard, Smirnov AV+VA, Steinhauser
[NPB 879 (2014) 1, PRD 92 (2015) 073019, 93 (2016) 053017]:

all 4-loop graphs with internal lepton loops now calculated independently, e.g.

(from Steinhauser et al., PRD 93 (2016) 053017)

4-loop universal (massless) term calculated semi-analytically to 1100 digits (!) by
Laporta, arXiv:1704.06996, also new numerical results by Volkov, 1705.05800

all agree with Kinoshita et al’s results, so QED is on safe ground v

aQED (o(Cs)) = 116584 718.931 (104) x 10~

[T. Aoyma et al, 2012, 2019, Laporta 2017,...] uncertainty dominated by O(a®) contributions

3F Fermilab
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155.0

Electro-Weak 1-loop diagrams: i
1545F o TT R T m—————a
—  154.0}
X X X T
w = 1535}
=
Yt 153.0¢
Z H o
U 0 M 1625 T T mmm——ed
+38.9x1071° -19.4x107"° <33x107" _— ,
122 124 126 128 130

My [GeV]
known to 2-loop (1650 diagrams, the first full EW 2-loop calculation):
Czarnecki, Krause, Marciano, Vainshtein; Knecht, Peris, Perrottet, de Rafael

agreement, a "V relatively small, 2-loop relevant: auEW(1+2 loop) = (154+2)x10°11

Higgs mass now known, update by Gnendiger, Stoeckinger, S-Kim,
PRD 88 (2013) 053005

a EW(1+2100p) = (153,6+1.0)x101

Uncertainty dominated by
compared with a 9*°=116 584 718.951 (80) x10 hadronic contributions.

3F Fermilab
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Hadronic g - 2 :
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VP e

HLbL

Non-perturbative

0.006% of a>™ ~47% of sa>V
(data input + lattice) %9 4 %ot 0,

Non-perturbative

0.0001% of a>™ ~53% of sa>V
(data input + model/lattice) o of ay 70 of day,

ahad — had VP LO had VP NLO had ,Light—by—Light
p a,

e.g.

&k T A4

HLDbL.: previously only estimated visa model calculations
- Made use of e.g. form factor data & pQCD constraints
- Very different to quantify and control systematics.
Updated "Glasgow consensus’ result (Prades + deRafael + Vainshtein) gave:

aflLbL — (98 + 24)x 10711

3F Fermilab
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Dispe rsive H Lb L Slide content by Aida El-Khadra.

Had never been achieved before the theory initiative...

Dispersive approach:

+ Target: s 10% total error
[Colangelo at al, 2014; Pauk & Vanderhaegen 2014; ...]

+ model independent Sik=v-p ¢ & :
+ significantly more complicated than for HVP Q 2000 ' Exchanges of 1
+ provides a framework for data-driven evaluations ; A = 5 3T'§ Tt Mg Tt (Ifhl.“;‘“")m ) o
+ can also use lattice results as inputs s g § g Sfj % . o 37*_
o (p) wo(p")
Contribution PdRV(09) [471] N/IN(09) [472, 573] J(17) [27] Our estimate
7, n, 7 -poles 114(13) 99(16)  95.45(12.40) 93.8(4.0)
n, K-loops/boxes -19(19) -19(13) -20(5) -16.4(2)
S -wave 7z rescattering =7(7) -7(12) -5.98(1.20) -8(1)
subtotal 88(24) 73(21) 69.5(13.4) 69.4(4.1)
scalars - = =
tensors - - 1.1(1) } -16)
axial vectors 15(10) 22(5) 7.55(2.71) 6(6)
u,d, s-loops / short-distance - 21(3) 20(4) 15(10)
c-loop 2.3 - 2.3(2) 3(1)
total 105(26) 116(39) 100.4(28.2) 92(19)
2& Fermilab
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- 1
Lqocp = Z¢f(p+ myg)Ys + ZtrF,wF’“’
f

s + discrete Euclidean space-time (spacing a)

o derivatives = difference operators, etc...

+ finite spatial volume (L)

+ finite time extent
inite time extent (7) Integrals are evaluated

numerically using monte

adjustable parameters carlo methods.

% lattice spacing: a=>0 6’3

+ finite volume, time: L=> %, T>L €3

Se k . = 6"3 - 63 ﬁ

< quark masses (my): My 1t = M exp b
tune using hadron masses M =™ Mif,phys Myd Wy Bic M

extrapolations/interpolations

3F Fermilab
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Lattice =] Lb L Siide content by Aida El-khadra.

Had never been achieved before the theory initiative...

» Dispersive calculation of the pion TFF Hoferichter et al. (18)

& = 630727 = 1071

» Padé-Canterbury approximants Masjuan & Sanchez-Puertas (17)
a" =63.6(2.7) x 10~
¥ 6(2.
> Lattice Gérardin, Meyer. Nyffeler (19)

70 —-11
a’’ = 623(2.3) x 10

RBC/UKQCD [T. Blum et al, arXiv:1911.08123, PRL 2020]:

MANCHESTER
‘ 1824

[The University of Manchester

gp\wv,u, n'
—> 5 2»

4+ Target: = 10% total error

First complete LQCD calculation of connected and leading disconnected
contribution with continuum and finite volume extrapolation

ey a

a,, " = 7.87(3.06) (1.77) x 10~

13 09/02/20 Alex Keshavarzi | The muon g-2 in the SM

HLbL

cannot “rescue” the SM
- combine disp and lattice HLbL for SM prediction
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aEad’ VP: theoretical setup

= We want to calculate the leading order hadronic
vacuum polarisation (HVP) contribution

1) Feynman rules for HVP insertion to photon propagator:

_ "gua ke % ' 3 I._(["j v
H A~ V= | —1€ I1 “)N—1€) —————
a ’@wﬁw @-m e

nrn.‘f(qz)

ie?g, ¢ [ ImIl(s)
i 3 ' — Jpy g y s
2) Emp'oy analyt|c|ty_ / ﬂ@w 17 —((]2 = ié‘)g = _/_.:”_ (lbs(s = (]2 = 'i.f)

Hu*’i(qz)
: had, LOVP _ @ [°°ds
3) Insert to vertex correction, solve for ay,: a;}*® = — —ImTIThaq(s)K(s)
K- p 2 iy 8
4) Utilise optical theorem: 5) Arrive at equation for aﬂad‘ ——
; had, LO VP i I 0
I ML@W o |2 aphLOVP — — / ds 00uq - (8)K (8)
Sth
Tm Ty (4?) ~ Ohod (¢2) Ohad,y = bare cross section, FSR included
= Similar dispersion integrals for NLO and NNLO HVP
2¥ Fermilab
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2 o0 0
ghad, LOVP _ & % R(s)K(s), where R(s) = Thad,(5)

z B2 S Ama?/3s
e S E oy " Y(1s-6s) E .
Non-perturbative | v(2s) T . Perturbative
1000 [ (Experimental data, - (pQCD) -
isopsin, ChPT...) ;
100 |- : ' .
o | Non
* it : -perturbativg|/ :
%erturbativ% |
k,/' + (Experimental data, i
: pQCD, :
L Betignet) . . e
10 | 100
Vs [GeV]
3¢ Fermilab
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DiSperSive HVP Slide content by Aida El-Khadra. u ‘ MANCHEEIER
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4+ Target: ~0.2% total error
+ Dispersion relation + experimental data for e"e~ — hadrons (and 7 data)
e current uncertainty ~0.5%
* can be improved with more precise experimental data
* new experimental measurements expected/ongoing at BaBar, BES-II,
Belle-Il, CMD-3, SND, KEDR, KLOE,....
4+ Challenges:
®below ~2 GeV: sum > 30 exclusive channels: 2z, 3, 4, S5x, 6x, 2K,
2Kn, 2K2zx, nr,.... (use isospin relations for missing channels)
®above ~1.8 GeV:
inclusive, pQCD (away from flavor thresholds)
+ narrow resonances (J/y, Y,.)
e Combine data from different experiments/measurements:

understanding correlations, sources of sys. error, tensions...
e include FS radiative corrections

3F Fermilab
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The muon g — 2 and «(M3%): a new data-based analysis

Alexander Keshavarzi!, Daisuke Nomura?? and Thomas Teubner?

! Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, United Kingdom
Email: a.i.keshavarzi@liverpool.ac.uk

2KEK Theory Center, Tsukuba, Ibaraki 305-0801, Japan
3 Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502, Japan
Email: dnomura@post.kek.jp

4 Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, United Kingdom
Email: thomas.teubner@liverpool.ac.uk

Abstract

This work presents a complete re-evaluation of the hadronic vacuum polarisation contributions
to the anomalous magnetic moment of the muon, a,l:ad’vp and the hadronic contributions to
the effective QED coupling at the mass of the Z boson, Aap.a(M%), from the combination
of e*e~ — hadrons cross section data. Focus has been placed on the development of a new
data combination method, which fully incorporates all correlated statistical and systematic
uncertainties in a bias free approach. All available ete~ — hadrons cross section data have
been analysed and included, where the new data compilation has yielded the full hadronic
R-ratio and its covariance matrix in the energy range m, < /s < 11.2 GeV. Using these
combined data and perturbative QCD above that range results in estimates of the hadronic
vacuum polarisation contributions to g — 2 of the muon of a:}ad' LOVP _ (693.26 + 2.46) x 10~10
and a2 NLOVP — (9894 0.04) x 10-1°, The new estimate for the Standard Model prediction
is found to be aﬁM = (11 659 182.0443.56) x 10—, which is 3.7c below the current experimental
measurement. The prediction for the five-flavour hadronic contribution to the QED coupling at
the Z boson mass is Aaﬁ:)d(h!%) = (276.114+1.11)x10 %, resultingin o *(M32) = 128.946-:0.015.
Detailed comparisons with results from similar related works are given.

2019 data update and applications of data -

compilation to other observables.

Results for a,, a,, a, Aaﬁéd (M32) and Avp/lid’ VP,

Phys.Rev.D 101 (2020) 014029.
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< Major 2018 update to data combination
methodology and data input.

Results for aﬂad’ VP and Aaﬁéd (M32).

Phys.Rev.D 97 (2018) 114025.

The g — 2 of charged leptons, a(M%) and the hyperfine
splitting of muonium

Alexander Keshavarzi'?, Daisuke Nomura® and Thomas Teubner®

! Department of Physics and Astronomy, The University of Manchester, Manchester M13 9PL, United
Kingdom
2 Department of Physics and Astronomy, The University of Mississippi, Mississippi 38677, U.S.
Email: al der.kesh 3 hester.ac.uk

SKEK Theory Center, Tsukuba, Ibaraki 305-0801, Japan
Email: dnomura@post.kek.jp

4 Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX, United Kingdom
Email: thomas.teubner@liverpool.ac.uk

Abstract

Following updates in the compilation of e*e~ — hadrons data, this work presents re-evaluations
of the hadronic vacuum polarisation contributions to the anomalous magnetic moment of the
electron (a.), muon (a,) and tau lepton (a.), to the ground-state hyperfine splitting of muonium
and also updates the hadronic contributions to the running of the QED coupling at the mass
scale of the Z boson, a(M%). Combining the results for the hadronic vacuum polarisation
contributions with recent updates for the hadronic light-by-light corrections, the electromagnetic
and the weak contributions, the deviation between the measured value of a, and its Standard
Model prediction amounts to Aa, = (28.02 & 7.37) x 10719, corresponding to a muon g — 2
discrepancy of 3.80.

2= Fermilab
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had, LOVP
U

- Combines ~30 measurement totalling over 1000 data points

ntm~ accounts for over 70% of a

" $ et —
SNI re-analysis 2019: i jehannel KNT re-analysis 2019: n* i~ channel

1400 Fitof all m=n~ data 1100 | | Fitof allm* n~ data
e BaBar (09) ! - k:

| oo iy —stag
S ‘ ’ ! B

s Gt 1200 4 CMD-2 (06}

1000+ ’ SND.lDSD ¢+ CMD-2 (06}

+  SND (06)

CMD-2 (05) ! 1100 | cMD-2 (05)

800 t Er;il(g?) {  €MD-2 (03)
4 KLOE (12)

¢ BESII (16) +  BESII (16)

600 4+ CLEO-c ¢(3770) (17} + CLEO-c ¢(3770) (17)

900 CLEO-c g(4170) (17)

CLEQ-c p(4170) (17)
+

- 800 ? e
o ' ;
200 A : 700 @ " (YS=1937Gev)=(503 46+ 1.90) x 1071 !
a7’ " (V5 =1.937 GeV) = (503.46 £ 1.90) x 10 Global x2,/d.0f=1.26 }

Global x7,./d.0.f=1.26

8
o
o%(erte” -»n*m~) [nb]
5
3

oete- »n*m~)[nb]

!
8.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 608. 74 0.75 0.76 0.77 0.78 0.79 0.80 0.81 0.82

Vs [GeV] Vs [GeV]

- Correlated & experimentally corrected ng(y) data entirely dominant

af ™ [0.305 < /s < 1.937 GeV] = 503.46 & 1.145,4, + 1.525 + 0.05,,, + 0.14,,
= 50346 + 1914, KNT18:502.97 + 1.97,,,

- 14% local )(rznin/d.o.f. error inflation due to tensions in clustered data
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Large difference between KNT vs. BaBar and KLOE vs. BaBar is still evident.

o KNT re-analysis 2019: m* m~ channel KNT re-analysis 2019: n* m~ channel
== BaBar (09) al"" (0.6 < V5 =< 0.9 GeV) = (369.84 + 1.30) x 10710 1400
Fitofalln* n~ data . Global y2 /d.0.f=1.26
oba .0.I=1.
j Ay E‘l’g; Xinin Fit of all r*n~ data: 368,84 +1.30 ———
031 + cMD-2(08) 1200
¢ CMD-2(06) E —_—
‘\ 2:‘%(235’ {6655 — Direct scan only: 370.77 + 2.61
& 02 + CMD-2(03) o
B + KLOE (12) ' _—
2 o BESII(16) . = ——i KLOE combination: 366.88 215 __g
S 4 CLEO-c@{3770) (17) 800 +=.
[s) CLEO-c ¢{4170) (17} 1
| { ‘ ‘ — R VO BaBar (09); 376.71+ 2.72 e
) v
~ +
B S BESIII (15): 368.15 + 4.22
R
200 CLEO-c (17): 376.69 = 7.05 ==
0.60 0.65 070 095 0.80 085 0.3 360 365 30 375 380 385 390 395 400 405
Vs [GeV] a; " (0.6 =Vs=0.9GeV)x 107

Compared to aﬁ+”_= 503.5+ 1.9 - aﬁ+”_(BaBar data only) = 513.2 + 3.8

Simple weighted average of all data — aﬁ+”_(weighted average) = 509.2 + 2.9
(i.e. — no correlations in determination of mean value)
BaBar data dominate when no correlations are accounted for in the mean value.
» Highlights the importance of incorporating available correlated uncertainties in fit.
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abad’ LO VP from KNT  Phys.Rev.D 101 (2020) 014029. A MANCHESTER.
K g-2> [The University of Manchester
KNT18: 3% LOVP — 693 26 + 2.46,,,
a3 LOVP _ 693 84 + 1,19, + 1965 +0.22,, + 0.715,

= 693.84 £ 2.29.yp £ 0.74144 > Precision better than 0.4%

= 692.78 £+ 2.42,,; (uncertainties include all available
correlations and y? inflation)

DEHZ03: 696.3+ 7.2

L ]

HMNTO3: 692.4 £6.4

DEHZ06: 690.9+ 4.4

HMNTO06: 689.4 +4.6

®

- Fj06: 692.1 £5.6

DHMZ10: 692.3 +42

< HLMNT11: 694.9+4.3

Fj17: 688.1 +4.1

DHMZ17:693.1+3.4

. KNT18: 693.3+25

DHMZ19: 693.9 £4.0

KNT19:692.8+2.4

—_—
[
——
—_—————
———
—_—
- J511: 6908 £47 ———%—
——
—_———
——
—_—
——
P
|

| | | | |
685 690 695 aBad' |_ov7pos< g 705 710 715 > Clear T[+7T_ domlnance
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Differences are dominated by the choices of how to use the correlations

= Consider the combination of the KLOE 777~ data sets:

KNT18

Use available uncertainty and correlation
information to fully influence over entire

energy range

(=]
—
(4]

°
@

(dqoe(chomblmtbn) ol

-0.1

-0.15 |-

g
&
e R
1
i

DHMZ17

Only allow correlations to only influence the
combination locally inside defined energy

intervals

Lo L LA AR A AR A

Lildid

e'e-n'n 4

o%(e'e” = n'n") [nb]

Cross section{exp) / Combination - 1

+ KLOEO8 = KLOE12
+ KLOE10 KLOE-08-10-12(DHMZ)

0.4 05 0.6 07
Vs [GeV]

am ™ (V5 < 2.0 GeV) = 503.74 & 1.96

RNV ENRSN e

NIH o

0.5 0.6 0.7 0.8 0.8

NS [GeV]

ol ™ (V5 < 2.0 GeV) = 507.14 &+ 2.58

Take-home message: correlations are important and the choices of how to use them

are not trivial
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Data'd riven HVP Slide content by Aida El-Khadra.

First-time agreement between various groups...

Detailed comparisons by-channel and energy range between
direct integration results:

DHMZ19 KNT19 Difference

e 507.85(0.83)(3.23)(0.55)  504.23(1.90) 3.62
ntna’ 46.21(0.40)(1.10)(0.86) 46.63(94) -0.42
Tt 13.68(0.03)(0.27)(0.14) 13.99(19) -0.31
) 18.03(0.06)(0.48)(0.26) 18.15(74) -0.12
K*K~ 23.08(0.20)(0.33)(0.21) 23.00(22) 0.08
KsK; 12.82(0.06)(0.18)(0.15) 13.04(19) -0.22

'y 4.41(0.06)(0.04)(0.07) 4.58(10) -0.17

Sum of the above 626.08(0.95)(3.48)(1.47)  623.62(2.27) 2.46
[1.8,3.7] GeV (without c?) 33.45(71) 34.45(56) ~1.00
I/, y(28) 7.76(12) 7.84(19) -0.08
[3.7, 0) GeV 17.15(31) 16.95(19) 0.20
Total gl -2 694.0(1.0)3.5)(1.6)(0.1),(0.7)pvagen~ 692.8(2.4) 1.2

+ evaluations using unitarity & analyticity constraints for zz and zzz channels
[CHS 2018, HHKS 2019]

Conservative merging to obtain a realistic assessment of the underlying uncertainties:
« account for differences in results from the same experimental inputs
* include correlations between systematic errors
w gHVPLO — 693 1 (4.0) x 10710

H

3¢ Fermilab
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Lattice HVP sice content by Aida El-Kkhadra. 7 A MANCHE%IER

Kon(g-2Dm  The University of Manchester
Calculate a'VP in Lattice QCD:
g HLO HVP.LO HVP,LO HVP,LO
a, — =4a, — L f ) disc
f

* Separate into connected for each quark flavor + disconnected contributions
(gluon and sea-quark background not shown in diagrams)

Note: almost always m, = my,

J

e need to add QED and strong isospin breaking ( ~ m, — m,) corrections:

- either perturbatively on isospin symmetric QCD background
- or by using QCD + QED ensembles with m,, # m;

3F Fermilab
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Lattice HVP Ssice content by Aida E-khadra.

Target: < 0.5% total error

1824

[The University of Manchester

[ (3

< light-quark connected contribution, allLo.

woud
~90% of total, with 1-3% error

HLO , HLO , HLO.
e By

~8%, 2%, 0.05% of total a,f““o, can be calculated with sufficient precision

¢ "heavy"” flavor contributions, 4,

¢ disc. contribution:

~2% of total a}fLO, contributes ~0.3-1% error to a}l{LO

< Isospinbreaking (QED + m, # mq) corrections:
~1% of total a:”“o, contribute ~0.3-1% error

contribution error

[V. Gilpers, adapted
for WP from talk

@ Lattice 2019,
arXiv:2001.11898]

Isospin Breaking
disconnected

strange

~ charm
disconnected

3F Fermilab
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Lattice HVP

Slide content by Aida El-Khadra.

a:;IVP,LO . 1010

|
ETM-18/19
Mainz/CLS-19
FHM-19
PACS-19
RBC/UKQCD-18
BMW-17

Mainz/CLS-17 +
HPQCD-16
ETM-13

KNT-19
DHMZ-19

BDJ-19
Jegerlehner-18

o

7 L
e 1 o

e NS

RBC/UKQCD-18

HE
HEH
HEH
HH
HAH

-

LQCD re+
Pheno. +

Pheno+LQpQ |

No New Physics

l ] L 1 L I L ] | L |

600

H

650 700 750

25 09/02/20 Alex Keshavarzi | The muon g-2 in the SM

MANCHESTER
1824

Ko (g-2omm [The University of Manchester

* The errors in (all but one of
the) lattice QCD results are
still large

e All results include
contributions from
connected ud, s, c,b +
disconnected, QED + strong
isospin breaking, and finite
volume corrections.

¢ | attice combination:
included results shown with
filled circles

allvp.l,() — allllVP.l,(')(ud) 4 a,'l"V""‘O(s) b ({/I{»IVP.[,()(C) Y a;:i?ilc’,l.() 8 (Salll’lVP.l,() =711 6(184) X lo—l()

2= Fermilab



26

Differences between lattice evaluations

Slide content by Aida El-Khadra.

MANCHESTER
‘ 1824

[The University of Manchester

QED + Strong isospin breaking corrections

Collaboration 8a; " P x 1010 Comments
ETM-19 [12] 7.1(2.9) SIB+QED, perturbative method:
connected diagrams only
RBC/UKQCD-18 [11, 399] 9.5(10.2) SIB+QED, perturbative method:
connected QED + SIB diagrams
+ leading disconnected QED diagram
FHM-17 [9] 9.5(4.)5) Simulations with full-SIB for ud-conn:
my; —m, # 0 while @ = 0.
BMW-17[10] 7.8(5.1) pheno (non-lattice) estimate
CSSM/QCDSF/UKQCD < 1% X aﬂvp 1O Simulations with Full-QED for ud-conn:

Preliminary [433]

a # 0 while my — m, = 0. M, ~ 400 MeV.

Lattice combination: Combine ETM-19 and RBC/UKQCD-18
assuming 100% correlation

o 5aHVP 7o

09/02/20 Alex Keshavarzi | The muon g-2 in the SM

=7.2(3.4) x10710

2= Fermilab



MANCHESTER

Lattice HVP from BMW

1824

[The University of Manchester

lattice —&—

Isospin symmetric R-ratio
y .'
connected light connected strange connected charm disconnected BMWC 20 » ‘
637.2(1.6)(3.0) 53.421(58)(80) 14.6(0)(1) 13.54(67)(39) \J ‘ ‘
H ]
Mainz'19
QED y \ Stre mq isospin-breaking

ISOSPIN [)['("‘ilkll\(], FHM 19

' . " . t ' ’ =
V‘]I(')”( € connected disconnected ETM 1 9
connected -1.21(33)(30) disconnected -0.58(13)(12) 6.31(55)(48) -3.58(42)(41)
' 3
RBC'18 :
: { ) ‘ ElC ‘
QED =

11

lv nm; t 10 ar order;

/) | isospin-breaking: / T perturbativ
sSea 011 @ \ ’
connected 0.51(13)(22) disconnected -0.032(31)(17) : '
NT'19 o« (g-2), WP:"20
QED Finite-sizeQef —, . ’ .
isospin-breaking: o CHHKS'19 & no new:‘physms
mixed Mol
connected -0.0065(60)(42) disconnected O 3 et 660 680 17000 i H\ZEO 740
10 " xa;

G@’e = 712.4(1.9)stat(4.0)syst [4.5]0t x 101 [0.6%]
o Consis%t with other lattice results

@ Total uncertainty is ~ =4 ... @ Consistent w/ BNL experiment (“no new physics” scenario) !

@ ...and comparable to R-ratio @ 3.10 larger than , 3.90 than 7

3F Fermilab
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Lattice HVP from BMW .xiv-2002.12347

Isospin symmetric
£ S 7N e o / N
.‘\V/. {_j &V/‘ \,, U/
connected light connected strange connected charm disconnected
634.6(2.7)(3.7) 53.393(89)(68) 14.6(0)(1) -13.15(1.28)(1.29)
) QED (=) || Strong isospin-breaking
" . , , A s PN
isospin-breaking: '~ {) y ()
‘/ S l N / \i' oz \ / \\ 4
N vaience \g/ \ - connected disconnected
connected -1.27(40)(33)  disconnected -0.55(15)(11) 6.59(63)(53) -4.63(54)(69)
N N Y =\ Etc
) ) QED '\__/' A /’ s ), < 24l :
T & . bottom; higher order;
B isospin-breaking: /) /‘\ perturbative
\ 'U / \_/ \_MNj
sea 0.11(4)
connected 0.42(20)(19) disconnected -0.047(33)(23)
('_‘) QED Finite-size effects
Y : Y g BTN A D) isospin-symmetric
: |sosp|n.break|ng. . S s
mixed o )
isospin-breaking
connected -0.0095(86)(99) disconnected 0.011(24)(14) 0.0(0.1)

BMWc'20 |
Mainz'19 |
FHM’19 |

ETM'19
RBC’18

BMWc'17 |
DHMZ'19 |

KNT'19

CHHKS'19 |

lattice
R-ratio

—3—
e

MANCHESTER
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T

m

o

1]

O
o
i

11

no newiphysics

660

680

700

10" a

720 740
LO-HVP
W

1107%%a, 20 = 708 7(248) et 45 ) myalD Bt

@ Consistent with other lattice results

@ Total uncertainty is ~ +4 ...

@ ...and comparable to R-ratio

@ Consistent w/ BNL experiment (“no new physics” scenario) !
@ 2.2¢larger than DHMZ'19, 2. 70 than KNT'19 ?

Currently being scrutinised by theory initiative for white paper round 2...

28 09/02/20 Alex Keshavarzi | The muon g-2 in the SM
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Theory initiative result released

Contribution Value x10"!
Experiment (E821) 116592 089(63)
HVP LO (efe) 6931(40)
HVP NLO (e*e™) -98.3(7)
HVP NNLO (e"e™) 12.4(1)
HVP LO (lattice, udsc) 7116(184)
HLbL (phenomenology) 92(19)
HLbL NLO (phenomenology) 2(1)
HLbL (lattice, uds) 79(35)
HLbL (phenomenology + lattice) 90(17)
QED 116584 718.931(104)
Electroweak 153.6(1.0)
HVP (e"e”, LO + NLO + NNLO) 6845(40)
HLbL (phenomenology + lattice + NLO) 92(18)
Total SM Value 116591 810(43)
Difference: Aa, := a,’ — af,M 279(76)

09/02/20 Alex Keshavarzi | The muon g-2 in the SM
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Theory initiative result released ‘

[The University of Manchester

o 40
: BNL E821 Value
o .
: 30 - Without theory
S Expected FNAL Muon g-2 precision A 4 im provem ents:
N S
8 20- % Aaﬂ ~ 66
s 2
& Z
S 10 ol .
& > With theory
b : :
E ol H # H + V { improvements:
)
x ¢ Aa, > 100
= SM 2020 H
5 —10
0 4 Previous SM Estimates
-20 ' , , , '
B ey i © Q
SN A SR N S N
2& Fermilab
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What’s next for the theory initiative? ‘

[The University of Manchester

To make the most out of the Fermilab and J-PARC experiments, theoretical SM predictions must
be improved to stay commensurate with experimental uncertainty.

- Muon g-2 Theory Initiative accelerated progress.

—> ongoing cross checks/tests and comparisons of different methods.

- Plan to publish updated SM predictions ahead of each new major experimental

update.

- Improvements to SM evaluations from:
« Better experimental inputs for data-driven HVP.
* More experimental measurements for dispersive HLbL evaluations.
 Improved lattice QCD+QED calculations for HVP and HLbL.

« 2 Summer 2020 meeting at KEK
i postponed due to COVID-19.

#1 > Looking towards next year for the
" next theory initiative meeting.

3F Fermilab
31 09/02/20 Alex Keshavarzi | The muon g-2 in the SM



Andreas Crivellin,"

32

The connection with EW precision i

physics
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Keshavarzi, Marciano, Passera and Sirlin, Phys. Rev. D 102 (2020) 033002

The muon g-2 and the bounds on the Higgs boson mass

M. Passera
Istituto Nazionale Fisica Nucleare, Sezione di Padova, 1-35131, Padova, Italy”

W.J. Marciano
Brookhaven National Laboratory, Upton, New York 11973, USA'

A. Sirlin
Department of Physics, New York University, 10003 New York NY, USA*

After a brief review of the muon g—2 status, we analyze the possibility that the present discrepancy
between experiment and the Standard Model (SM) prediction may be due to hypothetical errors in
the determination of the hadronic leading-order contribution to the latter. In particular, we show
how an increase of the hadro-production cross section in low-energy e e~ collisions could bridge the
muon g—2 discrepancy, leading however to a decrease on the electroweak upper bound on M, the
SM Higgs boson mass. That bound is currently My < 150 GeV (95%CL) based on the preliminary
top quark mass M, = 172.6(1 4) GeV and the recent determination Aa("] (M) = 0.02768(22), while
the direct-search lower bound is My > 114.4 GeV (95%CL). By means of a detailed analysis we
conclude that this solution of the muon g—2 discrepancy is unlikely in view of current experimental
error estimates. However, if this turns out to be the solution, the 95%CL upper bound on My
is reduced to about 130 GeV which, in conjunction with the experimental lower bound, leaves a
narrow window for the mass of this fundamental particle.

Hadronic vacuum polarization: (g — 2),, versus global electroweak fits

* Martin Hoferichter,> ' Clandio Andrea Manzari," *-* and Marc Montull": 2 ¢
! Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
* Physik-Inatitut, U it Zasich, Wintert) 190, CH-8657 Ziirich, Switzerland
* Albert Einstein Center for Fundamental Physics, Institute for Theoretical Physics,
Uriversity of Bern, Sidlerstrasse 5, CH-3012 Bern, Switzerland

Hadronic vacuum polarization (HVP) s not only u eritical part of the Standard Model (SM)

On Constraints Between Aay,q(M2) and (g,

The muon g-2 and A« connection

Alexander Keshavarzi
Department of Physics and Astronomy, The University of Manchester, Manchester M15 9PL, U.K.
Email: alerander keshavarzi@manchester.ac.uk

William J. Marciano
Department of Physics, Brookhaven National Laboratory, Upton, New York 11973, USA
Email: marciano@bnl.gov

Massimo Passera
INFN Sezione di Padova, Via Francesco Marzolo 8, 35131 Padova, Italy
Email: passera@pd.infn.it

Alberto Sirlin
Department of Physics, New York University, 726 Broadway, New York, New York 10003, USA
Ermail: alberto.sirlin@nyu. edu

Impact of correlations between a, and agep on the EW fit

Bogdan Malwescu' and Matthins Schott?®

' LPNHE, Sarbonne Université, Université do Parss, CNRS/IN2PS3, Parks, Franco
* Lustitute of Physics, Johannes Gutenbery, University, Molnz, Getmany
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prediction for the anomalous magnetic moment of the muon (g — 2),, but als a crucial ingredient
for global fits to electroweak (EW) proc\smn observables due to its contribution to the running of
the fine-structure constant encoded in Aag, %, We find that with modern EW precision data, in-
cluding the measurement of the Higgs mass, ﬂlc global fit alone provides a competitive, independent
determination of Aajoy|gyw = 270.2(3.0) x 107, This value actually lies below the range derived
from ete” — hadrons cross-section data, and Ilmn goes into the opposite direction ns wounld be
roquired if a change in HV |' were to bring the SM prodiction for (g — 2), into agreement with the

ding on the energy where the bulk of the changes in the cross
section occurs, reconciling cxp(rnmul and SM prediction for {g — 2}, by adjusting HVP wonld thus
not necessarily weaken the case for physics beyond the SM (BSM), but Lo some extent shift it from
{9 —2), to the EW fit. We briefly explore some options of BSM scenarios that could conceivably
explain the ensuing tension.

Eduardo de Rafael

Aix-Marseille Univ, Université de Toulon, CNRS, CPT, Marseille, France
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Abstract. We stidy the potentlal lmpact on the eloctrowenk (EW) fits due to the tensions between the
current determinations of the hadrank vacuum pol (HVP) 10 the )
magoetic moment of the muon (s,). besed on either phenomenological dispersion integrals using
mensured hadranic spectrn ar on Lattice QCD calculations. The impact of the current tension betwor
the of ey and the prvdiction based an the phesomenokgical
culculations of the HVP are also studied. The correlations betwoen the uncortaintics of the thearetical
peedictions of a,, and of the running of agen are takea into account in the studies. We conclude that
the impact on the EW fit can be large in improbable scenarios invalving global shifts of tho full HVP
conteibuation, whie it is much smaler if the shift is restricted 1o & bower musss range and/oc if the shift
in nqep ® obtained from thit i o, through appropriste s of Uhe eorrelstions: Tndead, the lattor
scennrios only imply ot mast & 24/18 increase in the y*/n.f of the EW fits and relatively small
chmnges foe the tusulting Bt parameter vadues.
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After a brief review of the muon g—2 s% alyze the possibility that the present discrepancy
between experiment and the Standard M 1 (SM) prediction may be due to hypothetical errors in
the determination of the hadronic leading-order contribution to the latter. In particular, we show
how an increase of the hadro-production cross section in low-energy e e~ collisions could bridge the
muon g—2 discrepancy, leading however to a decrease on the electroweak upper bound on M, the
SM Higgs boson mass. That bound is currently My < 150 GeV (95%CL) based on the preliminary
top quark mass M; = 172.6(1.4) GeV and the recent determination Aa,(;"a]d(Mz) = 0.02768(22), while
the direct-search lower bound is My > 114.4 GeV (95%CL). By means of a detailed analysis we
conclude that this solution of the muon g—2 discrepancy is unlikely in view of current experimental
error estimates. However, if this turns out to be the solution, the 95%CL upper bound on My
is reduced to about 130 GeV which, in conjunction with the experimental lower bound, leaves a
narrow window for the mass of this fundamental particle.
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prediction for the anomalous magnetic moment of the muon (g — 2),, but also a crucial ingredient
for global fits to electroweak (EW) precision observables due to [corfilibution to the running of

A
Y B st oot ool i Aot W i Mgk o1l W SI m I I a r aﬂa e S I n 20
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th deriv :

cluding the mcssurcmcnz of the Higgs mass, the global fit alone p:
'NRS, CPT, Marseille, France

determination of Aajylew = 270.2(3.0) x 107*, This value act
fron V4= s i cromection Ak and: thids goes into the upp.mu direction ns would be
roquired i a change in HVP wero to bring the SM prodiction for (g - 2),, into agroement with the

L ding on the energy where the bulk of the changes in the cross
section oceurs, reconciling experiment and SM prediction for (g — 2], by adjusting HVP would thus
not necessarily weaken the case for physics beyond the SM (BSM), but Lo some extent shift it from
{9 —2), to the EW fit. We briefly explore some options of BSM scenarios that could conceivably

(All analyses come to largely the same conclusions)

Abstract. We sty the potential lmpact oo the electroek (EW) fits due to the tensions betwven the

spectrn ar on Lattice QCD calculations. The fmpact of the current tension betwem

Aizr-Marseille Univ, Université de Toulon, mdlrllun of @, and of the running of agen are taken into account in the studies. We conclude that
it ngen & obtained from thit in o, through appeopiste s of the correlstions: Tndeed, the lattor

ptions of the hadronke vacunm pol (BVP) 10 the
® of the muon (a,), based on vither phenomanologieal dispersion integrals using
nessuroment of a, wsd the tota! theoretical prodiction based an the phimomenolagical
ulatioes of the HVP are also studied. The coevelations betwoen the uncertainties of the thearetical
the impact on the EW fit can be large in m.pmmm. scenarias involving global shifts of the full HVP
conteibution, whide it is much smuller if the shift is restricted to a bower mass range and/oc if the shift
scennrios only Emply ot mast 3 24 crease in the x”/nedf of the EW fits and relntively small

chinnges foe the resulting Bt parameter vidues.
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Hadronic cross section data

Experimentally measured hadronic cross section:

Muon g-2: %had Running QED coupling:
hadronic vacuum polarisation contribution hadronic contribution to running
@
had, VP Bayq(4%) = ) z_f ds Ohad(S) 73— z
A j ds op.q(s) K(5) na (q* =)

.. evaluate at g2 = MZ and input into global EW fit...

.. sum with other SM contributions...

§ ¢ i v L Y T
W
m W/ X 3 *g § g no VAR
Y \ _ M)

QED Hadronic VP Hadronic LbL Electroweak
~1x107% ~7%x1078 ~9x1071° ~15% 10710

T

5% and 95% CL conlours | fondagag ity 1

é 805 = M Ftwic 14, and m measremerts &1 45, 4
Fitwio My, m and M ot Bl = . of

g Direct messumments
£ 8045 |~ Hyanlay

Ml

80.4 |-

W P

P ERT N

80.25 |~ 7 i 4

" & ! 1y ! [
140 150 160 170 180 190

m, [GeV]

b and more...

— Predicts My, My, sin? 6,

— Determines aSM and Aa, =3.70

Increase cross section so that Aa, = 0?
— Solves muon g-2 discrepancy

Increase cross section so that Aa, = 07
— What happens to precision EW parameters?

2= Fermilab
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M uon g '2 and Aa Slide content by Massimo Passera.

CNT University of Manchester
e Can Aa be due to hypothetical mistakes in the hadronic o(s)?
@ An upward shift of o(s) also induces an increase of Ax,_,5(M,).

® Consider:

Sy :.."‘ K(S) 3

a,HLO — _ , & = —2=, 8, < M7,
1 a /4m2, ds f(s) o(s) f(s) TR < M3z,

_ = M; :
it /4mg, Bl 5 90 = Bz = sEar?) |
and the increase

Ao(s) = eo(s)
€>0, in the range: Note the very different
energy-dependent weighting
Vs € [Vsg —6/2,4/sg + 6/2] of the integrands...

Use precise and up-to-date compilation of total hadronic cross section from KNT
Keshavarzi, Nomura and Teubner, Phys.Rev.D 101 (2020) 014029, arXiv:1911.00367

2= Fermilab
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The muon g-2 in the SM

Keshavarzi, Marciano, Passera and Sirlin, Phys. Rev. D 102 (2020) 033002

1824

The University of Manchester

- Shift KNT hadronic cross section in fully energy-dependent (point-like and binned)
analysis to account for Aa,,.

g8l T 6 =100 MeV
-== 6=210 MeV
------- 6 =400 MeV
2861 KNT19
I Point-like (LO only)
[ Point-like
3, 2844
—
X
Q
< 282;
+
N
§ .....
o 2801
S
g
2781

276

27403 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 2.0

VS0 [GeV]
3F Fermilab
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The muon g-2 in the SM

Keshavarzi, Marciano, Passera and Sirlin, Phys. Rev. D 102 (2020) 033002

- Shift KNT hadronic cross section in fully energy-dependent (point-like and binned)
analysis to account for Aa,,.

- Input new values of Aa into Gfitter to predict EW observables.

- Analysis greatly constrained from precise EW observables measurements and
comprehensive hadronic cross section data.

My, sin? 05}}

80.38 0.2318

0.2316 =T -
. el
80.36 berereseeees gl

_ -.'Hﬂ'hﬂﬁ.m-h -

> '.'_""l"'_':;'.:__h Sy

8 .,:_..,...e.,',_ ....... 29

——————
= _!-ﬂ-tmt,“ ....... c 0.2314
5 it 77O @

80.34 —\
---- Experimental world average - central value ---- Experimental world average - central value
—-- Global EW fit [Aa'®)(Mz) + Ab(y/Sg, 6 = 100 MeV)] 02312~ Global EW fit [Aa®®(My) + Ab(y/So, 6 = 100 MeV)]

(
——- Global EW fit [Aa'®)(M) + Ab(y/Sg, 6 = 210 MeV)] ——- Global EW fit [Aa®)(Mz) + Ab(/Sg, 6 = 210 MeV)]
80.32 o+ Global EW fit [Aa'® (M) + Ab(VSo, 6 =400MeV)] | e Global EW fit [Aa'® (M) + Ab(y/So, 6 = 400 MeV)]
Global EW fit [Aa®®(Mz) (KNT19)] Global EW fit [Aa® (M) (KNT19)]
Experimental world average - uncertainty Experimental world average - uncertainty
Global EW fit [Aa® (M) + Ab(}/59)] at 10 0.2310 Global EW fit [Aa®®)(Mz) + Ab(y/Sp)] at £10
1 Global EW fit [Aa'® (M) + Ab(/Sg)] at 95% CL 1 Global EW fit [Aa® (M) + Ab(y/50)] at 95% CL
80.30 0.3 0.4 05 0.6 0.7 08 09 1.0 1.1 1.2 1.3 1.4 15 1.6 1.7 1.8 1.9 2.0 03 04 05 06 07 0.8 09 1.0 1.1 1.2 1.3 14 1.5 1.6 1.7 1.8 1.9 2.0
VS0 [GeV] Vso [GeV]
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Bounds from the Higgs mass
Keshavarzi, Marciano, Passera and Sirlin, Phys. Rev. D 102 (2020) 033002

Shifts in o(s) needed to bridge Aq,, are found to be excluded above +/s > 0.7 GeV at the
95%CL.
(ay x 10%°) — 11659000

160 170 180 190 200 210 220

—0.93
‘ol T TT—
120 \
— 0.96
2o —n o)
a
100 099
.\'\. . 8"
=~ 100 o
]
80 0
-; ;H._._!.‘.‘. ......... - o
@ _[—-u-'[. % °
o = e G sop—— )
T e mEE TR = ja
= 60 RE z 3
[ ---- Experimental world average - central value -__-!'"Timm 3
— .- Global EW fit [Aa'®(My) + Ab(y/Sg, 6 = 100 MeV)] = 6o ——— %
P Global EW fit [Aa®)(M) + Ab(/Sg, 6 = 210 MeV)] - s 17
----- Global EW fit [Aa®(Mz) + Ab(y/Sp, 6 = 400 MeV)] . e
o ep 1 Global EW fit [Aa®(Mz) + Ab(+/sg)] at 95% CL ~
—-= Mp? [no sin?6f inputs] 40 . Q
: Experimental world average o)
Global EW fit [Aa®®)(M) (KNT19)] <

SM
20 Experimental world average - uncertainty au (KNT19)
Global EW fit [Aa'®(Mz) + Ab(y/50)] at =10 20 afjxp (BNL)
] Global EW fit [Aa'®)(Mz) + Ab(y/So)] at 95% CL Global EW fit [Aa'®)(Mz) + Ab(y/sg)] at =10 114
0 03 04 05 06 0.7 08 09 1.0 1.1 1.2 13 14 15 16 1.7 1.8 1.9 2.0 6 4 ‘ 2 0 )
Vso [GeV] Muon g — 2 discrepancy, Aay[ o]

So, from EW sector, shifts to o(s) to bridge g-2 discrepancy and BMW are allowed
below 0.7 GeV...?

—> But, how realistic are the required shifts in o(s)?

3F Fermilab
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How realistic are the required shifts in o(s)?
Keshavarzi, Marciano, Passera and Sirlin, Phys. Rev. D 102 (2020) 033002

10
— £ (hAay) [%]

9 — Integrated precision of a/2% V¥ [%]

=
o
w

o(ete~ - hadrons) [nb]

_Emin=41%

Percentage [%]
[9,]

102

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Upper energy bound [GeV]

Size of missed contributions would need to be implausibly large given the
robust status of the hadronic cross section measurements.
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Magnetic moments: a, vs. a,

a,= 1159 652 180.73 (0.28) 1072 [0.24ppb] a,= 116 592 089(63) 101 [0.54ppm]
Bennet et al., PRD 73(2006)072003

Hanneke, Fogwell, Gabrielse, PRL 100(2008)120801

electron top endcap
= electrode

y

s | compensation
electrode
nickel rings — «—ring electrode
0.5cm] + compensation
bottom endcap electrode

field emission

electrode
point

microwave inlet

one electron quantum cyclotron

* a,%" more than 2000 times more precise than a ", but for e loop contributions
come from very small photon virtualities, whereas muon "tests’ higher scales

* dimensional analysis: sensitivity to NP (at high scale A;): a,yp ~C m?/A2Np

- pwins by mi/mz ~ 43000 for NP, but a, provides precise determination of a

2= Fermilab
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The electron g — 2 prys.Rev.D 101 (2020) 014029.

he University of Manchester

ot KNT19 [a(Rb)]

Gabrielse et al.

KNT19 [a(Cs)]

0.0 1.0 15 2.0 2.5 3.0 35
(a2Mx 10%2) — 1159652180

2% Fermilab
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What do this shifts do the electron g-2?

Keshavarzi, Marciano, Passera and Sirlin, Phys. Rev. D 102 (2020) 033002

MANCHESTER
1824

The University of Manchester

asM vs. aS*P yields Aa, = ao P — aSM = (-0.89 + 0.36)x10712 [2.50]

3.0 as"(arp) [KNT19] 1165 KNT19 [Dispersive] - Uncorrelated Errors
—— aSM(acs) [KNT19] ' KNT19 [Dispersive] - Fully Correlated Errors
----- Shifted ag"(atrp) gszo [AE;’MCA- Latt:zce QCDI]D I
+ a,) - Ener ependent Correlation
250 Shifted ag™(acs) et AReu(Aa,) 9y Dep
aer 1.160
[ S
00 [T e e e o
-
~N 2.0
n
8 1.155
LT 0 T e O
— Feme——e 3
~ b
I o«
<15
b 1.150
%
5
1.0
1.145
051 e e
1.140
0.3 0.4 05 0.6 07 08 09 1.0 1.1 1.2 1.3 1.4 15 16 1.7 1.8 1.9 2.0 0.3 0.4 0.5 06 0.7 0.8 09 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0
VSo [GeV] Vso [GeV]

Shifts at low-energy that are “allowed” in muon g-2 invoke additional
tension for electron g-2.
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Community-approved theory result from Muon g-2 theory initiative now released.
HLbL from models, dispersive approaches and lattice all in agreement

—> cannot be source of g-2 discrepancy.

Recommended HVP value is taken from merging of data-driven dispersive
results.

Errors of recommended lattice HVP values are too large to make definitive
statements.

BMW lattice 2020 result has 0.6% errors and agrees with BNL

—> not so significant after update and currently being checked by theory initiative.
Connection between g-2 and Aa allows impact of g-2 discrepancy on EW fit to
be explored.

EW study excludes shifts to hadronic cross section above 0.7 GeV to bridge
muon g-2 discrepancy.

Required shifts to hadronic cross section below 0.7 GeV are implausibly large.
These low energy shifts also worsen tension in electron g-2.

Thank you.
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Backups
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= Reconsider the optical theorem: Im &u.@w o &@

Im Myaq(q?) ~ Ohnd(q%)

had, VP

= Photon VP corresponds to higher order contributions to a,

— Must subtract VP: >
o(eTe”™ — 4* — hadrons) O(f e~ — 4* — hadrons)

= Fully updated, self-consistent VP routine: [vp_knt_v3_0], available for distribution

— Cross sections undressed with full photon propagator (must include
. : 0 2
imaginary part), 0had(8) = Ohad(s)|1 — II(s)|

= If correcting data, apply corresponding radiative correction uncertainty

1 . . :
— Take 3 of total correction per channel as conservative extra uncertainty

3F Fermilab
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o}.4 .- FSR corrections i
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The Umver5|ty of Manchester

= Reconsider the optical theorem: Im|~-2 '\& W@

Im Ihaa(g®) ~ Ohad(q?)
had, VP
= Photon FSR formally higher order corrections to a,,
5 + ffrl

= Cannot be unambiguously separated, not accounted for in HO contributions
— Must be included as part of 1P| hadronic blobs
= Experiment may cut/miss photon FSR — Must be added back

= For w77~ , sQED approximation [Eur. Phys. J. C 24 (2002) 51, Eur. Phys. J. C 28 (2003) 261]

= For higher multiplicity states, Need new, more developed tools to increase
difficult to estimate correction precision here

‘. Apply conservative uncertainty (e.g. - CARLOMAT 3.1 [Eur.Phys.J. C77 (2017) no.4, 254 ]7)

2¥ Fermilab
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Building the hadronic R-ratio

47

@ Input experimental

my < /s <2 GeV 2 < /s<11.2 GeV

@ Can use experimental

hadronic cross section inclusive R data* or

MANCHESTER

1824

[The University of Manchester

11.2 < /s < 0o GeV

@ Calculate R using
pQCD (rhad)

data* i pQCD l
@ Combine all available | @ Must use data at : *ohad experiments
data in exclusive : quark flavour : @ KLOE
hadronic final states | thresholds : ¢ BaBar
e + o I I
(mrm , KTK™,...) t Combine all available : e SND
@ Sum ~ 35 exclusive ! R data '
. : e CMD-(2/3
channels . @ Robust treatment of |, (2/3)
@ Detailed data analysis |, experimental errors | @ KEDR
® Robust treatment of ' @ Include narrow : @ BESIII
experimental errors ' resonances '
@ Estimate missing data
input (isospin Question: for reliable precision, how are data correlated
relations, ChPT...) and how should those correlations be implemented?

09/02/20 Alex Keshavarzi | The muon g-2 in the SM
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Data combination: setup

= Re-bin data into clusters

MANCHESTER
1824
(g2

™ [The University of Manchester

— Scan cluster sizes for preferred solution (error, x?, check by sight...)
= Correlated data beginning to dominate full data compilation...

— Non-trivial, energy dependent influence on both mean value and error
estimate

KNT18 prescription

@ Construct full covariance matrices for each channel & entire compilation
= Framework available for inclusion of any and all inter-experimental
correlations

@ If experiment does not provide matrices...
— Statistics occupy diagonal elements only
— Systematics are 100% correlated

@ If experiment does provide matrices...
— Use all information provided

@ Use correlations to full capacity

3F Fermilab
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Question:
What are the main points of concern when combining experimental data

to evaluate azad' VP2

= When combining data...

— ...how to best combine large amounts of data from different
experiments

— ...the correct implementation of correlated uncertainties
(statistical and systematic)

— ...finding a solution that is free from bias

d'Agostini bias [NuclInstrum.Meth. A346 (1994) 306-311]

c 2 2 2 < = : ’
r1 = 0.9 &+ 0z - ( 127 ry p ~§1;2) = T ~ (.98 (systematic bias)
o sys — y
/': e ¥ "I‘ ./I: :l’ -I: .
oy ==l o iRasl. 1540 Effect worsened with full,
(Normalisation uncertainties defined by data) iterative data combination
3¢ Fermilab
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Data combination consideration MANCHESTER
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Question:
What are the main points of concern when combining experimental data
to evaluate azad' vE?

= When combining data...

— ...how to best combine large amounts of data from different
experiments

— ...the correct implementation of correlated uncertainties
(statistical and systematic)

— ...finding a solution that is free from bias

Fixed matrix method [R. D. Ball et al. [NNPDF Collaboration], JHEP 1005 (2010) 075

x1 = 0.9 + dx4 Caye = (PQLTTQ P2572> = T = 1.00 (systematic bias)

2-2 2-=-2
To — 4 &I £r el B
9 = 1.1 dxo P p Redefinition repeated at each stage

(Normalisation uncertainties defined by estimator)  of iterative data combination

3F Fermilab
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Linear y? minimisation MANCHESTER
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= Clusters are defined to have linear cross section

— Fix covariance matrix with linear interpolants at each iteration
(extrapolate at boundary)

N¢ot Niot
=353 (it o 1 - )

i=1 j=1
= Through correlations and linearisation, result is the minimised solution of all
available uncertainty information

— ... through a method that has been shown to avoid d'Agostini bias

1400

Local V(x’ myd.of) ——

= The flexibly of the fit to vary due to the i Gl it 10 —— {1200

colo'a' —=x'x)

energy dependent, correlated uncertainties _ 2sf
benefits the combination

fd.of.)

2
mi

Vi

o’(e*e”™ — x*1) [nb]

— ... and any data tensions are 151
reflected in a local and global , L

2 X o . . 1 1 L L L - i [naned
Xoin/d-0.f. error inflation 04 06 08 1 12 14 16 18
Vs [GeV]
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Other notable channels

7 i | | il
50 T T T T T
| = .
c.: E a0 + m'::“—:' “]{:}u -
': . — T
! T s t*lfq-_. :
< T A Ty
g o
0 "*fg' L
08 1 1.2 1.4 16 18
Vs [Gev]
HLMNT11: 47.51 = 0.99 HLMNT11: 14.65 +=0.47
KNT18: 47.92 4 0.89 KNT18: 14.87 4= 0.20
. 0 770
KtK KgKy
e ' § “:::2: 1400 | ' b “;';:""_:
, {f& g g o} gn, o
o ¥ mm: % 1w°: DS 8t
% 1500 i 1 %:;;1 Do "g;n | 7 IND 3] - Cargnd Mo s
L% F o i IND (00 - Mt Moch 3
P Lj i == 3o 3 i i
: ¥ 40N
500 .’ "-‘ goo: -:- 7. A
o!-"'-" . ’ TS o-""-. ) S
1.01 1016 1.02 1.026 1.04 1.01 10156 102 1.026 103
Vs [GaV] vs[Gav]
HLMNT11: 22.15 £+ 0.46 HLMNT11: 13.33 +0.16

KNT18: 23.03 +0.22 KNT18: 13.04 +0.19
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Y| I A | v [
80 F 7 oeeim —— T T
D0 ) ——
VD2 ) i

Ones ety
P —
Y —
oy —
o cn & am

—

a%e’e - ' ) ]

h L L L L
1 12 14 16 18
Vs [Gav]

HLMNT11: 20.37 = 1.26
KNT18: 19.39 4+ 0.78

Inclusive (v > 2 Gev)

LR S S —

s e

a5 T

As)
{
i
|

al L L e |

Vs[Gav]

HLMNT11: 41.40 4 0.87
KNT18: 41.27 4 0.62
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Highlight: data tensions in K™K~ channel

@D

Notable tension also now exists on ¢ in K* K~ channel:

KNT re-analysis 2019: K* K~ channel

2500

2000

1500

1000

500

) [nb]

o(ete™ »K*K

KNT re-analysis 2019: K* K~ channel
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— Fitof all K*K~ data: 16.22 +0.15
—— CMD-3 (18): 17.44 £ 0.35
—— BaBar (13): 16.39+0.19
SND (00): 15.65 + 1.12
_— All other data: 17.63 +0.83
14 15 16 17 18 19 20 21 22

af "7 (1.01=vs=1.03GeV) x 1071°

Most recent CMD-3 data is higher than BaBar data...

ak"¥7[0.9875 < /s < 1.937 GeV] = 23.03 % 0.0844; + 0.2055 £ 0.03,, £ 0.004,

= 23.03 £ 0.22;,¢
» Tensions results in 20 % local sznin/d-o-f- error inflation

% Fitof all K *k ~ data af ® (0.6=vs =09 GeV)=(16.22+0.15) x 107
+ CMD-3(18) Global x2,,/d.0.f=2.12
¢ BaBar (13)
0.2 ® SND [scan 1] (00)
+ SND [scan 2] (00)
g (0,0 WH o ﬂ A
ol 0_0’1 lll UINMI!R:L dl* l?
b ool
e I RE: T ‘ |
-0.11e ¢ * .> |
—q."%lIOO 1.0125 1.0150 1.0175 11,0200 1.0225 1.0250 1.0275 1.0380
Vs [GeV]
BaBar was already relatively high
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KKrt, KKrtt & isospin 1824
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= New data for K K7 and K Knw KKnm

o ‘ . -0 -0 0 .-0 —
removes reliance on isopsin (only Kg =2 K;) KsKp7'm [PhysRev. D80 (2014), 092002]
K2 KZxTn™ [Phys.Rev. D80 (2014), 092002],

KKmr K2 K7 w%x° [Phys.Rev. D95 (2017), 052001]
K g K 2 0 [Phys.Rev. D95 (2017), 052001, arXiv:1711.07143] KGK= ¥ n° [Phys.Rev. D95 (2017), 092005 |
14 1 1 1 1 1 1 1 18 I I I 1 1 1
- &°(KKx) [HLMNT(11) Isospin estimate] . 16 B &% (KKzx) [HLMNT(11) Isospin estimate] 3
12 + : SO(KKx) [Data] —=— 7] - o*(KKxx) [Data] —=—

10

T
1

ﬂlﬁﬁi -

T 8r 1 = 1w} -
‘% 6l i{i ii ] % sf ' gim
al Iif i}ii i j' i
i $55 g i
2r 7 T 2k ‘ 4
ol & v gy s ] il ...L.----J"f‘. R
1.3 14 15 16 1.7 1.8 1.9 1.4 15 1.6 1.7 1.8 19
Vs [GeV] Vs [GeV]
HLMNT11: 2.65 +0.14 HLMNT11: 2.51 +0.35
KNT18: 2.71 +£0.12 KNT18: 1.93 £+ 0.08
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Inclusive channel

= New KEDR inclusive R data [Phys.Lett. B770 (2017) 174-181, Phys.Lett.
BaBar Fp data [Phys. Rev. Lett. 102 (2009) 012001.].

The University of Manchester
6} JIAITITL (=R B AN}

MANCHESTER
6 1824
B (201

1 1
45 '“““m&i:; 46 L Fit of all inclusive R data g
BaBar A, data (09) St Hbcf:; :::
4 R D 44 CLEO (98) —— | e
CLEO (7)) +—8—i f
BES (06) +—%— CusB (82) —s— |
BES(02) +—a— 4.0 Y(SE][B!‘O‘ Wigner] + R 4, [pQCD] [ h
35 | BES (89) - v(ss)[am Wigner] + R, JpQCD] «------e. ] %
@ MD-1 (96) |—s—i :&,_: Ry5dPQCD] =imimimi r s i
[l Crystal Bail (88) +—o— [ 4 F ¥ 3B a
3} LENA (82) +—e— A
paCD -----e-e- I ) @
3.8 ~ x .:" : I'.'
g6t T §IL. RS i \
] ‘ 0y Py : LTl '\"’ 36 l 5 O A
BSSESLUREAIRTIRE 4 .
2 -_I 1 ) 1 1 3.4 1 1 1 1 1 1 1
2 25 3 35 105 106 107 108 109 11 111 132
Vs [GeV] Vs [GeV]

Ry, resolves the resonances of the
T(55 — 6S5) states.

KEDR data improves the inclusive data
combination below c¢ threshold

— Choose to adopt entirely data driven estimate from threshold to 11.2 GeV
@ = 43,67 £ 0.17uai £ 048,55 + 0.01,5 + 0. 85— 43.67 £ 0,675t
3¢ Fermilab
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= New KEDR data allow reconsideration of exclusive/inclusive transition point

Exclusive/inclusive transition point

— KNT18 aim to avoid use of pQCD 28 KNT re-analysis 2019: Inclusive vs. exclusive data

. L pQCD
and keep d data—dnven analySIS —s— Exclusive data combination

: o ; —+— Inclusive high data
— Disagreement between sum of 26 Transition pointiat 1.937 Gev R TR kS

exclusive states and inclusive t  KEDR (2016)

data/pQCD i —
—s New 777~ 7%7° data result in N /‘/
2.2

reduction of the cross section oy !

N
— Previous transition point at 2 GeV 5] \/\I"

no longer the preferred choice

R(s)

— More natural choice for this 1880 185 190 195 200 205 210 215 220
transition point at 1.937 GeV Vs lGev]
Input a, > "9 VP[1.841 < /5 < 2.00 GeV] x 10"°
Exclusive sum 6.06 = 0.17
Inclusive data 6.67 + 0.26
pQCD 6.38 =0.11
Exclusive (< 1.937 GeV) + inclusive (> 1.937 GeV) 6.23 +£0.13

3F Fermilab
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R(s) form, < /s < 11.2 GeV ‘

[The University of Manchester

| [T 3
Jhy
10000 [= Y(1 s_ss)'
—
y(2s)
1000 Transition pointiat 1.937 GeV B
s 100 | ) .
2 p/®
10+ -
1 | ]
Exclusive data Inclusive data
0.1 ' - : e
1 10

Vs [GeV]
= Full KNT18 compilation data set for hadronic R-ratio now available...
—> ...complete with full covariance matrix

3F Fermilab
o7 09/02/20 Alex Keshavarzi | The muon g-2 in the SM



Contributions below 2 GeV

100

MANCHIESTER

824

[The University of Manchester

— Dominance of 27 below

z O 0.9 GeV evident for
o .
0.01 both cross section and
0.001 uncertainty
0.0001
1e-05 L
04 0.6 0.8 1 1.2 14 1.6 1.8
Vs [GeV]
0.1 [ T T Ful hadroeic Ao

0.09 | i —a—
L KK ——
008, o ——

s 0.07 - =~

— Large improvement to oL K —
1 - | R Yy~
cross section and g oos| e

A o

uncertainty from new il T
003 ~ "X ———

47 data [ e,
e _ rrrr:": ;
001 B (l'x'x°x°t°l°)m,| -
o0& 06 08 1 CREET 16 1.8
s [GeV]
2= Fermilab
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The Muon g-2 and the bounds on the
nggs boson mass Marciano, Passera and Sirlin (2008)

170 f

(GeV)

uB
H

M

160
150
140
130
120
1107

100 |

EW upper bounc

0 200

\\ -1
N\ LEP lower bound,
B :
Y 1
N °
400 600 800 1000 1200 1400 1600
Vg (MeV)

MANCHESTER
1824

[The University of Manchester

“... if the hadronic cross section is shifted up in energy regions centred above ~ 1.2 GeV to
bridge the muon g-2 discrepancy, the Higgs mass upper bound becomes inconsistent with the

LEP lower limit.”

09/02/20 Alex Keshavarzi | The muon g-2 in the SM
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Hadronic vacuum polarization: (g — 2), versus W MANCHE’%IER

gIObaI e|eCtI‘OWGak fitS (-2 The University of Manchester
Crivellin, Hoferichter, Manzari, Montull, arXiv:2003.04886 (2020).

« Using global EW fit (HEPFitter) results in a tension with the BMW result.

» A significant shift in HVP exacerbates tensions within the EW fit = inconsistent W
mass prediction.

» Does not weaken the case for BSM physics , but to some extent shifts it from (g — 2)p

to the EW fit.
.............. . e r————— ,
proj (o) 80.39 h
F—e i g
F—e—{ proj(11.2 GeV) 80.38 - experiment
proj (1.94 GeV) 3 j
o] 80.37f
Gfitter = |
» o = 8036}
(2) (1) (3)
u“(oo)
S O 8035}
+ -—
] 80.34F
265 70 275 280 2’5 290
Aaf>) x10*

* Results cannot rule out BMW.
* Analysis uses strong assumptions - energy independent shifts of the cross section.
» Incorporating energy-dependence at low energies is crucial.

3F Fermilab
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Energy dependence Of BMW Slide content by Laurent Lellouch.

@ Crivellin et al "20, most aggressive scenario: our results suggest a 4.20 overshoot in
A®) o(M2) compared to result of fit to EWPO

@D

@ Assume same 2.8% relative deviation from R-ratio as we find in at%-HVP

@ Hypothesis is not consistent w/ BEMWc "17 nor new preliminary result

Differences between
BMW and KNT are
contained within low-
energy, non-perturbative
hadronic domain.

Note: Comparison is between =,
time-like Aa from e*e™ data and ™.

space-like Aa from lattice in
Euclidean space-time.
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What about estimated threshold
contributions?

1824

[The University of Manchester

Keshavarzi, Marciano, Passera and Sirlin, Phys. Rev. D 102 (2020) 033002

1600

10°

_ |

""" 0194(s) x 0.09 n*n-n® =" V5~0.7 GeV i st of%(s) x0.09  —— mtn = V5~0.7 GeV
1400 LS

|
ny oi%(s) i 00| T i
— n% —— ntnntn- . of%(s) x 1.09 — n% —— n*tnntn- . of%(s) x 1.09 H

- ny oR%y(s)

1200
o

1000

g 800 g 10° ) ST 4\//&
3 5 ST R IZIIGRGERRRL | 5%
3 B 102 KRR R SRS !
R SRR IERIIARS i
600 S SRR SEIILRALGHKS i
SRR IRERARLILKKS '
G RICRELRLRIRELSS i
1074 SRR CRIILRAIRLRS !
400 LR IL SRR R RRRRRIIALLKS
LRI SRARLIEIRKLRIRARS !
RS ARSI i
oS IRRRIRRIILRAILIKS !
200 L R R L ARRIRRILIILRS I
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et B IR RRRRIRIELRKS i
0 0.3 : 0.5 : : 10 0.3 0.4 0.5 0'6 0.7
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How realistic are the required shifts in o(s)?
Keshavarzi, Marciano, Passera and Sirlin, Phys. Rev. D 102 (2020) 033002

7
— £ (hay) [%]
] € (aEMW = aﬁNTlQ) [%]
—— Integrated precision of a>® '? [%]
o(et e~ - hadrons) [nb]
2 5
.1035
S Tt I T A
04 o
(@)} ©
his 2
c
v T
E 3 Emin = 2.8% |
SRRl R
o )
+
106 9
5] S
_102
1
Mg 2
0 : . , : -
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Upper energy bound [GeV]

Size of missed contributions would need to be implausibly large given the
robust status of the hadronic cross section measurements.
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DisperSive HVP Ssice content by Aida E-khadra.

100 T T

Full hadronic R ratio
36 3
'’
K'K

' n’x’

0.1

(n'n'n’n'nono)non
r'x”

(613638 38 3¢ o
mxa

R(s)

0.01 |

ny
All other states

0.001 F

------

WHTTEM TR T

0.0001

1e-05 £ ’
04 06 08 1 12 14 16 18

Vs [GeV]

VP
a:lad,LO
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On constraints between Aa and g-2
de Rafael, arXiv:2006.13880 (2020).

Claim that it is possible to construct spectral
functions which reproduce both BMW and KNT,
inducing only a very small change in Aa.
Constrain the contribution to the hadronic
running that can be related to a particular
dimension-6 operator (or, equivalently, to the first

o -
(-} (=]
S o

o
VQAV - -

moment of the HVP function). )

Implication is there is a bound that restricts all &

. . . . L]
effects in the hadronic running to the small piece E o
~T kO

that is related to this first moment (the first term
in Eq. (6) of the attached notes). This is not the
case.

Needs to go past just first moment.
Additionally, these shifts in the cross section at
such low energies will have to be enormous.
But, provides interesting comparison between
time-like and space-like Aa.

o
N
T ARSNGB

e
S

030 0.35 0.40 0.45 0.50
t (GeV?)
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Lepton moments SUMMArY siide content by Aida El-khadra. 1824
(g2

™ [The University of Manchester

af(EXp) o af(SM)

500 _
SM +1.2: 108
i Exp BNL E821
250 + Sensitivity to heavy
new physics:
3. 70 NP m_%
0 p- £ A
&8 * ('rn,u/me)2 ~ 4 x 104
Harvard'08
=250 plot by Shaun Lahert -5.3.10° |
[0*%a, 10"%e, 107 X a,

Ongoing experimental programs for improved measurements of a
[S. Guellati-Khelifa (Paris), Z. Pagel (Berkeley) @ INT workshop]

2¥ Fermilab
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? @ ™ [The Unive

HYP
n

M. Passera @ HVP KEK 2018 [A. Abbiendi et al, arXiv:1609.08987, EPJC 2017]

u-e elastic scattering to measure a

1t
) Y
a:iL() = _/ dxr (1 — .'T:) Aa’had [f(l')]
™ Jo
Hadrons
x2m?2
t(;r,) = £ <0
e

Achad(t) is the hadronic contribution to the running of « in the
space-like region. It can be extracted from scattering data!

use CERN M2 muon beam (150 GeV)

Physics beyond colliders program @ CERN
LOIl June 2019

Jan 2020: SPSC recommends pilot run in 2021
goal: run with full apparatus in 2023-2024
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M U on E Slide content by Massimo Passera.

; : HVP
p-€ elastic scattering to measure a’ﬂ

C. Carloni @ g-2 INT workshop [A. Abbiendi et al, arXiv:1609.08987, EPJC 2017]
Time-like = Space-like

......

100

[ 10+
|

.\m,,,d( I;i”li) % 104

—_—)

MUonE range

0.1

pQCD

F. Jegerlehner, EPJ Web Conf. 118

0.01 - . + q -
—— T 0.1 02 03 04 05 06 07 08 09 1

CC, Passera, Trentadue, Venanzoni PLB 746 (2015) 325

Smootl: function
* requires calculations of radiative corrections [M. Fael @ g-2 INT workshop]

* complement region not accessible to experiment with LQCD calculation
[M. Marinkovic @ g-2 INT workshop]
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