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The Standard Model on a page

Describes all known elementary particles and three of the four fundamental interactions
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spin >

@ muon (u) ~ electron (e): same interactions w/ gauge
bosons, not with the Higgs
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Lepton magnetic moments and BSM physics
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Interaction with an external EM field: QM

Dirac eq. w/ minimal coupling (1928):

ih% = {&. (c?ﬁ - egﬁ) + BcEmy + ele} P

nonrelativistic limit | (Pauli eq.)
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“That was really an unexpected bonus for me, completely ) o
uniform magnetic fiel

unexpected.” (PA.M. Dirac)
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Interaction with an external EM field: QFT

Assuming Poincaré invariance and current conservation (g*J, = 0 with g = p’ — p):
, _ i y v
(L(p)[Ju(0)[E(p)) = T(p) {wﬁ(qz) +om, 7 d Fo(9°) — 50,.9" Fa(q°)
+35(q 7 — 2meq)Fa( )] u(p)

2 . . _ 9¢ |Dirac
Fi(q°) —  Dirac form factor: F(0) =1
Fa(q?)

F3(q°) — P, T, electric dipole moment: 3(0) = d, /e,

b

Pauli form factor, magnetic dipole moment: F»(0) = a, =

Fi(¢°) — P, anapole moment: & - (V x B)

@ F5(g?) & F3.4(g?) come from loops but UV finite once theory’s couplings are renormalized
(in a renormalizable theory)

@ 3, dimensionless

= corrections including only £ and ~ are mass independent, i.e. universal

— contributions from particles w/ M > m, are oc (m; /M) x In9(m2 /M?)

— contributions from particles w/ m < m, are e.g. o In?(m2/m?)

Laurent Lellouch IPhU Colloquium, 23 April 2021



Why are a, special?

ay

; | o
R § 2m£ eF [(LO'W,ZR]

@ Loop induced = sensitive to new dofs

@ CP and flavor conserving, chirality flipping = complementary to: EDMs, s and b
decays, LHC direct searches, . ..

@ Chirality flipping = a, related to mass generation (czameckietai o (M >> my)
M Amg\ rmg\2
al 70(1)( o )(M)

@ In EW theory, M = My and

Amy (o]
=t o =
my 4z

@ BSM can be very different, e.g. SUSY M = Msysy and (Am;/mg) ~ (a/47) X
signp tan 3
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Why is a, special?
Me : m, : m; =0.0005:0.106 : 1.777GeV 7o :7, : 77 = “00”:2..107°:3..10 °s
@ a,is (m,/me)? ~ 4. x 10* times more sensitive to new & than a.

@ a, is even more sensitive to new @, but is too shortly lived

60 25 :
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(Miller et al '12) (SPS1a)

Big > 0 effect — signyu = 1, Mg ~ 100 + 500 GeV, tan 5 ~ 3 =+ 40



Big question

exp _ oSMn
au _au !

If not, what is the new ® and can it be seen elswhere?
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Experimental measurement of g,
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Measurement principle for a,

Precession determined by

Qe
i, =2(1+a S
Hu 1+ M)Zmu
sein - Qe -
momentum d e —
' n“Zmuc
Qe | < 1 BxE Qe [E - =
Ban = Wa + &y = —— |a,B au — —Nu=— | — x B
Wan = Wat w | +(H 72—1> c } 77“2mu c+5 }

@ Experiment measures very precisely B with |B|>> |E|/c &

Aw = wg —we ~ y/wi 4+ w2 ~ wa

since d, = 0.1(9) x 10719 - cm (zenettetal 09)

@ Consider either magic y = 29.3 (CERN/BNL/Fermilab) or £ = 0 (J-PARC)

Qe
— Aw~ —g,B—

my,
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asurement (simplified)

M
2o
HO V\MV\MNV\MNMNV\ANVV‘M"W\M,WV’WW\N\,\N w,
WSM Extract from decay positron time spectra
o
;m N(t) = Nye (1 + Acos(w,t + )]
WP VYIVNAAASAAAAAA
10 . Formiab Muon g2 Collaboration
Production Run 1, 2225 Apr 2018
i3 -2 PRELIMINARY, no quality cut k|
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N time modulo 100 s J
a, = (2 ‘ Hp ) my
K 2 He Me
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e B-field (ppm) R\
3
£ ~
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E i Average magnetic
= field weighted by
£ muon distribution
2
B B o o ’ (o free proton precession frequency
x (cm) Radial Position[mm] Using proton NMR hwp — 214,)3
N Map the magnetic field Obtain muon distribution In the storage ring )
Esra Barlas-Yucel | FPCP 2020 06/10/2020
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g — 2 updated experimental history (8 April 2021)

History of muon anomaly measurements and predictions

_I[ 7.3 ppm] 1979, CERN Ill u* data 1974-1976
[ 7.1 ppm] 1979, theory

B —[ 1.7 ppm] 1985, Kinoshita et al.

[13  ppm] 1999, BNL p* data 1997
[ 0.66 ppm] 1999, theory

[ 5.1 ppm]2000, BNL p* data 1998
[ 0.69 ppm] 2000, theory

[ 1.3 ppm] 2001, BNL p* data 1999
[ 0.57 ppm] 2001, theory

[ 0.73 ppm] 2002, BNL p* data 2000
[ 0.70 ppm] 2002, theory

[ 0.72 ppm] 2004, BNL i~ data 2001
[ 0.70 ppm] 2004, theory

[ 0.54 ppm] 2006, BNL u* data 1999-2000
[ 0.63 ppm] 2006, theory

0.30 ppm] 2017, Jegerlehner 2017

T
i

L3
I

e —[ 0.41 ppm] 2020, DHMZ 2019
(=2l —[ 0.32 ppm] 2020, KNT 2019
Muon G-2 FNAL data [ 0.46 ppm] 2021, FNAL p* data 2018
. [ 0.35 ppm] 2021, BNL 2006 + FNAL 2021
| | Exp Average [ 0.37 ppm] 2020, Muon g-2 theory initiative
experimental measurement
«—> +420 b4 theory at the time of measurement publication
k=i theory prediction
16 15 20 % 30 35 40
a, - 10° - 1165900
A = 592061(41) x 10~ (0.35
a,(AVG) = 116 5¢ X .35 ppm).

71
G. Venanzoni, CERN Seminar, 8 April 2021

Based on only 6% of expected FNAL data!
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Standard model calculation of a,

At needed precision: all three interactions and most SM particles

QED had EW
E R -

o) -0 ()) o ((im) ())

0(107%) +0(1077) +0(10°°)
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QED contributions to &,

Loops with only photons and leptons

- (2) 1 (2 o (3o () 4 (2)

T ™

C® = AR L AP (my mye) + AP (Mg /My, me/myn )

o Agz), A§4), ASG), Aé4), A(ZG), A:(;S) knOWn analytica”y (Schwinger '48; Sommerfield ‘57, '58; Petermann '57.

] O((Oé/ﬂ')s) 72 dlagramS (Laporta et al '91, '93, 95, '96; Kinoshita '95)

o O((Oé/ﬂ')4, (Oé/ﬂ')s) 891 ,1 2,672 d|agrams (Laporta '95; Aguilar et al '08; Aoyama, Kinoshita, Nio '96-'18)

Automated generation of diagrams

Numerical evaluation of loop integrals

Only some diagrams are known analytically

Not all contributions are fully, independently checked
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5-loop QED diagrams
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(Aoyama et al '15)
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QED contribution to a,

aP(Cs) = 1165847189.31(7)m, (17),4(6)45(100),6(23)a(cs) x 102 [0.9 ppb]
aP(a;) = 1165847 188.42(7)m, (17),4(6)as(100) 16 (28)a(a,) x 107 '2[0.9 ppb]
(Aoyama et al'12, 18, "19)
&P —af’ = 734.2(41)x 10710
N AR
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Electroweak contributions to a,: Z, W, H, etc. loops

= 19.479(1) x 10~1°

(Gnendiger et al '15, Aoyama et al ‘20 and refs therein

—4.12(10) x 10710

Gnendiger et al "15 and refs therein)

W = 15.36(10) x 10710
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Hadronic contributions to a,: quark and gluon loops

a>® — aQf0 BV = 718.9(4.1) x 10710 L g

Clearly right order of magnitude:

=-o((e) (1)) ot

P

(already Gourdin & de Rafael '69 found a?® = 650(50) x 10~')

Write

' i a\4
ghad _ gLO-HVP | JHO-HVP al:LbyL +0 <<) )

i 1 °w -
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Hadronic contributions to a,: diagrams

" g0 _ o ((%)2>
/‘\ i /éﬁ%;\% |
~
¢ st L e o)
K h h h b
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Hadronic light-by-light

@ HLbL much more complicated than HVP, but ultimate
precision needed is ~ 10% instead of ~ 0.2%

@ For many years, only accessible to models of QCD w/
, difficult to estimate systematics (prades et al 09):
u(®) aELbL — 105(26) % 10—10

n(p)

@ Also, lattice QCD calculations were exploratory and incomplete

@ Tremendous progress in past 5 years: ‘ ‘ ‘ ‘ L ‘ :

— Phenomenology: rigorous data
driven approaCh [Colangelo, Hoferichter, Kubis

Procura, Stoffer,...’15-'20]
— Lattice: first two solid lattice Mainz21 (+ charm-loop) - —0—
| Iations not used in WP20
caicu

HBCQUKQ?D‘]Q —
@ All agree w/ older model results but error (+ charm-laop)

. . oy e -dri —a—

estimate much solid and will improve WP e e
@ Agreed upon average w/ NLO HLbL and WP20 —

conservative error estimates (we 2o TN @

0 20 40 60 80 100 120 140 160
exp ED _ EW _ HLbL _
@ g7 — a0ED — gEW _ gfithlL — 4™ x10"
_ ?
709.7(4.5) x 10710 = VP Colangelo 21

Laurent Lellouch IPhU Colloquium, 23 April 2021



Hadronic vacuum polarization (HVP)

@ Mu(q) = vY = (9.9, — 9w 9%) N(¢?)

@ For &2 need 1(g?) = N(g?) — N(0) for spacelike g = —Q° and Q° € [0, o0

@ [1(g?) is real and analytic except for cut along real, positive g axis

GeV?

Imq’

2

ImI1(g”), )

>

Gev|

—AAAAAAAA--

Req?

@ Can get I1(g?) for spacelike g? from contour integral — dispersion relation
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HVP from e"e~ — had (or 7 — v, + had)

107
@ u,d s
w
3 loop pQCD
10 1 1 Naive quark modal
P \\ II
/ \ 4"""’””"-«"'
' ; I hy gt
Wy Sum ol exclusive o Inclusive
mensurements messurements.
0’ .
05 1 15 2 25
7 — ¥
s +(25) - c
6 Mark-1
5
4
3 i
| [ i
[ .
L (.| L
2 [© ol E
L
3 35 4 45
s T T
T(18) Y(385) b
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N — + . ’e N Y
3 . | s
. M ARGUS A CLED ¥ CUsE DHHM
2 |- |7 Comaml A azon DAsP e E
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(PDG compilation)

Use (ouchiat et 21 61) optical theorem (unitarity)

Im[,\,@,\, ] < | amaangC_ hadrons |2

R(s)
127’

o(ete~ — had)

tmri(e) == P ——]

R(s) =

and a once subtracted dispersion relation
QZ

(analyticity)
/0 st @) r
@ [ 1
adas —
/0 s s(s+ Q?)

1272
= M(Q@?) & aL°HVP from data: sum of exclusive
m+ 7~ etc. channels from CMD-2&3, SND, BES,
KLOE '08,10&12, BABAR '09, etc.

(@?) ! — Imr(s)

R(s)

Can also use /(JPC) = 1(1~ ) part of
7 — vr + had and isospin symmetry +
corrections
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Standard model prediction and comparison to

experiment
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SM prediction vs experiment on April 7, 2021 (v1)

SM contribution aentib- 1010 Ref.
HVP LO (R-ratio) 692.8 +2.4 [KNT "19]
693.9+4.0 [DHMZ "19]
692.3 + 3.3 [CHHKS '19]
693.1 +4.0 [WP 20]
HVP LO (lattice<2021) 7116 £ 184 [WP '20]
HVP NLO —9.83 £+ 0.07
[Kurz et al '14, Jegerlehner '16, WP "20]
HVP NNLO 124 + 001 [Kurz '14, Jeger. '16]
HLbyL LO (pheno) 92+1.9 [WP '20]
HLbyL LO (lattice<2021) 78+31+1.8 [RBC '19]
HLbyL LO (avg) 9.0+1.7 [WP '20]
HLbyL NLO (pheno) 0.2+0.1 [WP '20]
QED [5 loops] 11658471.8931 + 0.0104 [Aoyama '19, WP '20]
EW [2 loops] 15.36 £ 0.10  [Grendiger 15, WP 20]
HVP Tot. (R-ratio) 684.5+4.0 (WP '20]
HLbL Tot. 9.2+1.8 [WP '20]
SM [0.37 ppm] 11659181.0 £ 4.3 [WP 20]
Exp [0.35 ppm] 11659206.1 + 4.1 [BNL '06 + FNAL '21]
Exp — SM 25.1 +5.9 [4.20]

exp _ ,QED EW _ gHLbL _ gHVP NLO+NNLO _ —10 L jHVPLO
a, —a, - -—a, —a,—a, =718.2(4.5) x 10 =a,
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SM prediction vs experiment on April 7, 2021 (v2)

SM contribution aentib- 1010 Ref.
HVP LO (R-ratio) 692.8 +2.4 [KNT "19]
693.9+4.0 [DHMZ 19]
692.3 + 3.3 [CHHKS '19]
693.1 +4.0 [WP '20]
HVP LO (lattice) 707.5+5.5 [BMWe 20]
HVP NLO —9.83 £+ 0.07
[Kurz et al '14, Jegerlehner '16, WP "20]
HVP NNLO 124 + 001 [Kurz '14, Jeger. '16]
HLbyL LO (pheno) 92+1.9 [WP '20]
HLbyL LO (lattice<2021) 78+31+1.8 [RBC '19]
HLbyL LO (avg) 9.0+1.7 [WP '20]
HLbyL NLO (pheno) 0.2+0.1 [WP '20]
QED [5 loops] 11658471.8931 + 0.0104 [Aoyama 19, WP '20]
EW [2 loops] 15.36 £ 0.10  [Grendiger 15, WP 20]
HVP Tot. (lat. + R-ratio) 698.9 +5.5 [WP '20, BMWc 20]
HLbL Tot. 92+1.8 [WP '20]
SM [0.49 ppm] 11659195.4 £ 5.7 [WP 20 + BMWc '20]

Exp [0.35 ppm]
Exp — SM

11659206.1 + 4.1
10.7 £ 7.0 [1.50]

[BNL '06 + FNAL "21]

exp _ ,QED EW _ gHLbL _ gHVP NLO+NNLO _ —10 L jHVPLO
a, —a, - -—a, —a,—a, =718.2(4.5) x 10 =a,
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A brief introduction to lattice QCD
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What is lattice QCD (LQCD)?

To describe matter w/ sub-% precision, QCD requires > 104 numbers at every
spacetime point

— oo number of numbers in our continuous spacetime

— must temporarily “simplify” the theory to be able to calculate (regularization)
= Lattice gauge theory — mathematically sound definition of NP QCD:

U (x) = €394 4h(x)

@ UV (& IR) cutoff — well defined path integral
in Euclidean spacetime: }a

(0)

/DUDzZDz/) e~ Sa= PPV o[, 4, 1]

. / DU &6 det(D[M]) O[Ulwiee

@ DUe 5 det(D[M]) > 0 & finite # of dofs
— evaluate numerically using stochastic
methods

L

LQCD is QCD when mg — mj', a — 0 (after renormalization), L — oo (and stats — oo)

HUGE conceptual and numerical (O(10°) dofs) challenge
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‘accelerato

Such computations require some of the world’s most powerful supercomputers

@ 1 year on supercomputer
~ 100 000 years on laptop

@ n Germany, those of the Forschungszentrum Jiilich, the Leibniz
Supercomputing Centre (Munich), and the High Performance
Computing Center (Stuttgart); in France, Turing and Jean Zay at the
Institute for Development and Resources in Intensive Scientific
Computing (IDRIS) of the CNRS, and Joliot-Curie at the Very Large
Computing Centre (TGCC) of the CEA, by way of the French
Large-scale Computing Infrastructure (GENCI).

+ copyright Photoque CNRSICyrl Frésdon
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Lattice QCD calculation of &P

L4
All quantities related to a,, will be given in units
of 10~ 10
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HVP from LQCD: introduction

Consider in Euclidean spacetime, i.e. spacelike g° = —Q? < 0 um 02)
q q
M.(Q) = Y @ Y
_ [ L)

(o,toy - 5,“,02) nQ?)

W/ Jy = 2lyu —

ol

a’\/udf %E’Yus+ %E’YACJV T

Then (au up et al '69, Blum '02)
0.025

LO-HVP 2 [ dQP 2, 2\~ 0 n—
a0 = o? [ E0 K mh)(P) o —
0 7 0.02 T ——
A 2\ — 2
wi (@) = [n(o ) — r|(0)] and s
2
k(r):[r+27\/r(r+4)] /A/r(r+4) 0.01
Integrand peaked for Q ~ (m;/2) ~ 50 MeV for 1 0.005
However, Qmin = 2F ~ 135MeV for lattice w/ o 00 o1 0.15 0.2
T=3L~9fm Q4GeV?

) 2 2
H«H:OZA*:' my, )< k(Q%))
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Low-Q* challenges in finite volume (FV)

A. Must subtract M,,,,(Q = 0) # 0 in FV that contaminates M(Q?) ~ M. (Q)/Q? for Q> — 0
w/ very large FV effects

B. On-shell renormalization requires M(0) which is problematic (see above)

C. Need f1(Q?) interpolation due to Qin = 27/ T ~ 135MeV > T ~ 50 MeV for T ~ 9fm
@ Compute on T x L3 lattice in Ny =2+ 1 +1 QCD
crin = Z Z (di(x

=1 _ 9 ~ud
@ Decompose (Cr;' = 15CF)

CR() = CF (1) + C3u(t) + CH.(1) + CF°(1) = CR" () + CR°(1)

@ Define VQ()ER (Bernecker et al '11, BMWc '13, Feng et al '13, Lehner 14, ...) (ad A, B, C) (see also Charles et al '17)

_1 .1 7.(0) = Nf 7. (Q) = e¥—1 ¢
il (@7) = N (@F) -1l Z—w_n;L(o>:az Re | =gt | ReCh()
i=1 t=0
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Our lattice definition of a7

Combining everything, get &5""" from Cf, ():

T/2
LO-HVP [ ~2 2 . 2 @ 2 2 f
.t (@ < Ohax) = 230, LLT@,T*}O@ @ <mg> § K(tmyg, Qiax/ M) ReCry (1)

£/ t=0
where
Fmax
K(7, fmax) = / drk(r) (7‘ -7 sin T\[)
0

e da/dt [BMWC17] —
E 400} S, dalydt [BMWc'20] ——
o + ':_
- ; "

; 300 ++ f:

2 200 ¥ K

o + .

= * %

£ b+ %

< 100 i

o

= ; :

£ 0r '

§ i i

0 1 2 3 4
t[fm]
(144 x 963, a ~ 0.064 fm, My ~ 135 MeV)
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Simulation challenges

D. 77 contribution very important — have physically light =
E. Two types of contributions
quark-connected (qc) quark-disconnected (qd)

where qd contributions are SU(3); and Zweig suppressed but very challenging

F (Jgd(x)J;’d(O»qc & disc. have very poor signal at large v x2 + need high-precision results

— many algorithmic improvements + very high statistics + rigorous bounds
G. Must control (J,,(x)Jy(0)) at VX2 > 2/m,, —L=6.1+6.6fm T=286-=+11.3fm

H. Need controlled continuum limit — have 6 as: 0.134 — 0.064 fm

— improve approach to continuum limit w/ phenomenological models (SRHO, SMLLGS)
w/ 2-loop SU(2) SxPT for systematic error
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Simulation details: ad D - H

27 high-statistics simulations w/ Ny=2+1-+1 flavors of 4-stout staggered quarks:

i i B8 a [fm] T xL #conf

@ Bracketing physical myq, ms, me 37000 01315 64 x 48 904
o 37500 01191 96 x 56 2072

@ 6 as:0.134 — 0.064 fm 37753 01116 84 x 56 1907
38400 00952 96 x 64 3139

@ L=61+-66fm, T =86-+11.3fm 39200 00787 128 x 80 4296

4.0126 0.0640 144 x 96 6980

@ Conserved EM current

For sea-quark QED corrections

B8 a [fm] T x L #conf
3.7000 0.1315 24 x 48 716
48 X 64 300

3.7753 0.1116 28 X 56 887
3.8400 0.0952 32 X 64 4253

1.06

’ S 1 @ State-of-the-art techniques:
1.00 3 o’ @ EigCG
> @ Low mode averaging [Neff et al ‘01, Giusti et a
04
0981 y . 1 @ All mode averaging [Blum et al '13]

@ Solver truncation [Bali et al '09]

0.96
097 098 099 100 101 1.02 1.03

M2/f2

= Nearly 20,000 gauge configurations

= 10’s of millions of measurements
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Noise reduction: ad F-G

N/S in C(t) grows like eM»—M=)t

680 . .
random source —e—
@ LMA: use exact (all-to-all) 660 low modes-+solver truncation —e— |

quark propagators in IR and

L 640
StOChaStIC n UV Giusti et al '04]

620
@ Decrease noise by replacing 600
CH(t) by average of rigorous 580

upper/lower bounds above
tc =4fm [Lehner 16, BMWc '17]

ay light,0

560

540
0 < Cl(t) < Cl(te) e Font7) g L

t,[fm]

= x5 in precision: few pemil accuracy on each ensemble
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More challenges

. Need [1(@?) for Q? € [0, +oc[ , but = ~ 9.7 GeV for a ~ 0.064 fm

— match onto perturbation theory

aIZ(:)f-HVF‘ — + ’YZ(Qmax) + Apertal;%-HVP(O > Omax)

using O(a‘s‘) results from rhad package [Harlander et al 03]
J. Include c quark for higher precision and good matching onto perturbation theory — done

K. Even in our large volumes w/ L > 6.1fm & T > 8.7 fm, finite-volume (FV) effects can be
significant
— 1-loop SU(2) xPT [aubin et al '16] suggests 2% even in our large volumes
— perform dedicated FV study w/ even larger volumes (~ 11 fm)4

— check and supplement w/ 2-loop xPT [Bijnens et al ‘99, BMwe 201, p-7t-y EFT (RHO) [Sakurai ‘60, Jegerlehner et al 11
Chakraborty et al '17], Gounaris-Sakurai inspired model (MLLGS) GS '68, Lellouch & Liischer '01, Meyer '11, Francis
et al13], Hansen-Patella (HP) [Hansen et al '19, "29]

L. Our Ny =2 + 1 + 1 calculation has my = mg and « =0
= missing effects compared to HVP from dispersion relations that are relevant at permil-level precision

— perform lattice calculation of ALL O(«) and O(6m = myg — my) effects
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Yet more challenges

M. Need permil determination of QCD scale in our simulations

= 2% calculation of 2~ baryon mass

= Calculate and use Wilson-flow scale [Lischer ‘10, BMwe ‘12 wp = 0.17236(29)(66) for defining isospin
limit
N. Need thorough and robust determination of statistical and systematic errors
@ Stat. err.: resampling methods

@ Syst. err.: extended frequentist approach [sumwe 08, '14]

@ Hundreds of thousands of different analyses of correlation functions
Each one is weighted by AIC weight

1
AIC ~ exp —E(XZ + 2Npar — ndata)]

Simplify w/ importance sampling

Use median of distribution for central values

Use 16 + 84% confidence interval to get total error

(Nature paper has 95 pp. Supplementary information detailing methods)
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Finite-volume corrections: ad K

Early estimate of these e~M~ effects (o cia16: 2% on a0 HVP in our L = 6 simulations

— Perform dedicated lattice study 6.272::.‘752%
@ 4 very-high statistics Ny = 2 + 1, super-smeared (4HEX)

simulations i c £

@ Tuned so that staggered M=MS brackets physical M, \_[ g 2

@ Lupto11fm (a~ 0.112fm)! 964

Q — Check w/ EFTs and models: dominated by long-distance == effects
NLO XPT

Q @ NNLO (2-|00p) XPT [Bijnens '99, Aubin et al 19, BMWc "20]
@ Lellouch-Luscher formalism w/ Gounaris-Sakurai model (LLGS) [Lellouch & Liischer

d 01,Meyer "11, Francis 13, Giusti et al '18, BMWCc '20]
% v

@ QFT relation to COmptOn scattering (HP) [Hansen et al '19-'20]

NNLO XPT| @ p-7-+v EFT (RHO) [Sakurai ‘60, Jegerlehner & Szafron '11, HPQCD '17]

[x10-19] lattice NLO NNLO MLLGS HP RHO
aP VP (big) — aOMP(ref)  18.1(2.0)(1.4) 11.6 157 17.8 16.7 15.2

Model validation = atOHP (c0) — alOHVP(big) = 0.6(3) x 10710 from NLO & NNLO xPT

aLOHVP (00) — aHOHVP(ref) = 18.7(2.0) st (1.4)cont (0.3)pig (0.6) 1= (0.1)gea [2.5]
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Continuum extrapolation: ad H

Long-distance discretization effects in abol'lgvp due to taste violations in 7 states (rraco 7]

30

= NNLO —e—
E . SMLLGS —o—
Correct w/ SMLLGS (zvwe 20; or SRHO (rpacn 17) ©® R SAe =
) ) f.mj 20 k 4stout —o—
@ Parameters fixed w/ experiment = 8
2 O
g S
@ Reproduces observed discretization effects well z £
c ©
= 2
@ Corrections vanish in continuum limit £ S
S £
™

@ 6 a's — full control over continuum limit

660 o0
@
= L@ T
o s 1t g
620 &
£ RHO(>0.4fm) —&—
22500 RHO(>1.3fm) —B—
© SRHO(0.4% 3tm)+NNLO(>1.3fm) —&—
none —&—
580 &
560 Ay
4
540

200k150k100k 50k 0.005 0.01 0.015 0.02
#its a%[im?]
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Continuum extrapolation: ad H
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Continuum extrapolation: ad H
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Continuum extrapolation: ad H

Long-distance discretization effects in abol'lgvp due to taste violations in 7 states (+raco 7

g i
£ -
Correct w/ SMLLGS (zvwe 20; or SRHO (rpacn 17) ©® \hk SAe =
) ) ; j.mj 20 4stout —o—
@ Parameters fixed w/ experiment = 8 “\
3 ,
@ Reproduces observed discretization effects well E £
‘_Z g \a\\
@ Corrections vanish in continuum limit £ S
S £
™

@ 6 a's — full control over continuum limit

660 ; o

@
o
-
640 ik B T
620 S S &
z RHO(>0.4fm) —E—
s RHO(>1.31m) —E—
" 600 SRHO(0.4% 3fm)+NNLO(>1.3fm) ——
none —&—
580 i &
560 | Ay
a
540
200k150k100k 50k 0.005 0.01 0.015 0.02
#its a2[fm?)

Laurent Lellouch IPhU Colloquium, 23 April 2021



Continuum extrapolation: ad H

Long-distance discretization effects in abo&gvp due to taste violations in 7 states [+raco 17

30
£ E
5 @
Correct w/ SMLLGS vwe 20 or SRHO (rpaco 17] 3 s %
' ) g o
@ Parameters fixed w/ experiment = & / /
S s *
@ Reproduces observed discretization effects well £E / b
: 3
= 2
@ Corrections vanish in continuum limit £.5 7
o £
= w
. . .. 0
@ 6 a's — full control over continuum limit 0.5
660 [ : T L. @ Allow different improvements in different time
t "
640 - ) - ] windows
L ®o 4
R - FHORO0.4im) O @ Improves approach to continuum limit = reduced
& 600 SRHO A.arm)fmgg::g::; i uncertainties
580 none —&—
a . . .
w0 N @ Does NOT modify this limit = NO model
A dependence of result
540 ;
Fopp— 0005 001 0015 002 @ Systematics: e cuts on a; ¢ SRHO vs SLLGS +
#its a%im?) NNLO SxPT; e different window boundaries
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Including isospin breaking on the lattice: ad |

; 1 - - . . -
SQCD+QED = SSOCD + Eém/(dd — UU) + IE/A“_/M7 jH:CIO’YMq, dm=mg—my

@ Separation into isospin limit results and corrections requires an unambiguous definition of this limit
(scheme and scale)

@ Must be included not only in calculation of (j,,j, ) correlator BUT ALSO of all quantities used to fix quark
masses and QCD scale

(1) operator insertion method [rmi23 12,13, ...]

) sm _ _ . & ) . i
(Oacoazo = (Owed, — 510 [ (@d ~ Wiwad&, — 51O [ 100D, x = Vi (e,
xy
2 detD[Gy, eAu] / : 1 2 detD[G,,, €A,] iso
————|e= L(X)AL(X) — = ————— =
#2000 e oo [1uu () — 500k ST 0] e,

(2) direct method (Eichten et al'97, BMWe 14, ... ]

Include m, # my and QED directly in calculation of observables and generation of gauge configurations

(3) combinations of (1) & (2) Bwwe 20

We include ALL O(e?) and O(6m) effects

For valence €? effects use easier (2), and for §m and €? sea effects, (1)
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Summary of contributions to a;

O

connected light
633.7(2.1)(4.2)

Isospin symmetric

O

connected strange
53.393(89)(68)

O

connected charm
14.6(0)(1)

OO

disconnected
-13.36(1.18)(1.36)

O
)

isospin-breaking:
valence

QED

Oa®)
@O

Strong isospin-breaking

O

OO

isospin-breaking:

connected -0.0093(86)(95)

OO0

mixed

disconnected 0.011(24)(14)

connected disconnected
connected -1.23(40)(31)  disconnected -0.55(15)(10) 6.60(63)(53) -4.67(54)(69)
Q ED bottom; higher order;
isospin-breaking: perturbative '
O won O O ey
connected 0.37(21)(24) disconnected -0.040(33)(21)
Finite-size effects
QED

isospin-symmetric
18.7(2.5)
isospin-breaking
0.0(0.1)

| 10"0xa, 04 = 707.5(2.3) 0(5.0) 1[5 5 sor |
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Comparison and outlook
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Comparison

BMWc20 [ ! T T ]
LM20 B 1
Mainz’'19 —_— ]
FHM19 | —_—e 1
PACS'19 | 5
ETM19 | —_—a— : g
RBC'18 | —e— 1
BMWc'17 | —a ]
WP'20 | —e— 2 1
DHMZ'19 | - : 1
KNT19 | o : ]
CHHKS19 || ____=8~  nonewphysics | 1

660 680 700 720 740
1010 « ahO»HVP

@ Consistent with other lattice results

@ Total uncertainty is ~ +3 ...

@ ...and comparable to R-ratio and experiment

@ Consistent w/ experiment @ 1.5¢0 (“no new physics” scenario) !

@ 2.10 larger than R-ratio average value [WP '20]
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Fermilab plot, April 7 2021, v1
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Fermilab plot, April 7 2021, v2

@
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' 1\
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® X ° |
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What next?

FNAL E989 to reduce error by factor of 2.5 in coming years

Reratio

HLbL error must be reduced by factor of 2 7 UghteStrange a” = 2.3 GoV

Must reduce ours by factor of 4 ! wol |/ N

x1071°

Will experiment still agree with our prediction ? |/

Must be confirmed by other lattice groups

0o 05 1 15 2 25 3 35

If confirmed, must understand why lattice doesn’t agree t/tm
with R-ratio [RBC/UKQCD *18]

If disagreement can be fixed, combine LQCD and
phenomenology to improve overall uncertainty [rec/ukaco 1g]
Important to pursue e e~ — hadrons measurements ey
[CMD-3, Belle 1, .. .] Latice

1(Q

ne — pe experiment MUonE very important for ] Q? i
experimental crosscheck and complementarity w/ LQCD Qhax

2 _ 2
Q2pmax ~ 014 GeV

Important to build J-PARC g,, — 2 and pursue ae Marinkovic et al "19]
experiments

45
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In the media (1)

@ France Inter, “La méthode scientifique,” interview of Sacha Davidson & LL, 4 May 2021

@ Frank Wilczek, “The Miraculous Measurement of the Muon,” Wall Street Journal, 13 April
2021, https://www.wsj.com/articles/the-miraculous—-measurement—of-
the-muon-11618329886

@ Mike Wall, “Black holes, string theory and more: Q & A with physicist Brian Greene,’
https:
//www.space.com/black-holes-string-theory-brian-greene-interview

@ Carlo Rovelli, “Is the ‘new muon’ really a great scientific discovery? For now, I'm cautious”,
The Guardian, 19 April 2021,
https://www.theguardian.com/commentisfree/2021/apr/19/new-muon—
scientific-discovery-physicists-headline—-announcements

@ David Larousserie, “ Les rotations du muon électrisent la communauté des physiciens ,” Le
Monde, 7 April 2021,
https://www.lemonde.fr/sciences/article/2021/04/07/1la-physique-
polarisee-par—-les—-rotations—d-une-particule_6075889_1650684.html

@ Tristan Vey, “Physique: existe-t-il une 5éme force fondamentale inconnue ?” Le Figaro, 13
April 2021, https://www.lefigaro.fr/sciences/physique-existe-t-il-une-
5e-force-fondamentale-inconnue-20210412
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In the media (2)

@ Margot Brunet, interview of LL, “Une possible révolution compléte : le muon menera-t-il a
une nouvelle physique des particules ?” Marianne, 21 April 2021, https:
//www.marianne.net/societe/sciences-et-biocethique/une-possible-
revolution-le-muon-va-t-il-casser-la-physique-des—-particules

@ Corentin Paillassard, interview of Michel Davier & LL, “ Les muons font-ils trembler le
modele standard de la physique des particules ?” La Recherche, 13 April 2021, https:
//www.larecherche.fr/physique-mod%C3%A8le-standard/les-muons—-font-
ils-trembler-le-mod%C3%A8le-standard-de-la-physique-des

@ Davide Castelvecchi, “Long-awaited muon physics experiment nears moment of truth,”
Nature, 30 March 2021,
https://www.nature.com/articles/d41586-021-00833-2

@ Davide Castelvecchi, “Is the standard model broken? Physicists cheer major muon result,”
Nature, 7 April 2021 https://www.nature.com/articles/d41586-021-00898-z

@ Adrien Cho, “Fresh calculation of obscure particle’s magnetism could dim hopes for new
physics,” Science, 14 April 2021,
https://www.sciencemag.org/news/2021/04/fresh-calculation-obscure—
particles-magnetism-could-dim-hopes-new-physics
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In the media (3)

@ Jean-Baptiste Veyreiras, “La physique des particules est-elle a 'aube d’une révolution ?”
La Marseillaise, 17 April 2021,
https://www.lamarseillaise.fr/societe/la-physique-des-particules-
est-elle-a-l-aube-d-une-revolution-YA7288562

@ Antoine Beau, “Le muon, particule révolutionnaire qui agite le monde de la physique,”
Huffpost, 8 April 2021, https:
//www.huffingtonpost.fr/entry/le-muon-particule-de-revolution—-qui-
agite-le-monde-de-la-physique_fr 606ef135c5b6865cd29998ac

@ Laurent Sacco, “De possibles signes d’'une nouvelle physique avec le moment magnétique
du muon,” Futura Sciences, 10 April 2021, https:
//www.futura-sciences.com/sciences/actualites/physique-particules-
possibles—-signes—nouvelle-physique-moment-magnetique-muon—-70123/

@ Thomas Burgel, “Le muon, la particule qui chamboule les lois de I'univers,” Korii/Slate, 8
April 2021, https://korii.slate.fr/et-caetera/science-muon-particule-
chamboule-lois—-univers-physique-quantique-modele-standard-fermilab

@ Alert presse CNRS, “Particle physics: will muons uncover new fundamental physics?”, 7
April 2021, https://www.cnrs.fr/en/particle-physics-will-muons—
uncover—-new-fundamental-physics
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Do our results imply NP @ EW scale?

@ Passera et al '08: first exploration of connection aboHVP < Af}sa)da(Mg)

@ Crivellin et al '20, most aggressive scenario (see also Keshavarzi et al '20): our results
suggest a 4.20 overshoot in Af]‘?da(Mg) compared to result of fit to EWPO

@ Assume same 2.8% relative deviation in R-ratio as we found in al0-HVP

@ Hypothesis is not consistent w/ BM\Wc "17 nor new result
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