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In the tradition of Alfred Nobel: Breakthrough Prize or Fundamental Physics

Sergey Brin, Priscilla Chan and Mark Zuckerberg, Julia and Yuri Milner
(3 million USD, more than twice the amount of the Nobel Prize)

=— CERN & Brookhaven National Laboratory & Fermi National Laboratory

"Multi-decade ... [work to measure] the muon’s ... magnetic moment ...
igniting a new era in the quest for physics beyond the Standard Model.”

With earlier theory result: 5.80 discrepancy (new force)

" At the same time, a new theoretical prediction came out based on ...
computational [technique] ... suddenly narrowing the discrepancy.”

With our result: complete agreement up to 11 digits within errorbars

Experiment: 2.00233184143(29)
Theory:  2.00233184104(72)

Relevant finding: decisively relies on the theory results (unfortunately, no prize)
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Standard Model '03
A

< 775 >

180 190 200 210 220 230
au % 10%° — 11659000

New physics needs > 50, new level of accuracies: both for theory/experiment
Theory needs ete™ — hadrons data, experimental errors of them give theory error
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au % 10%° — 11659000

WP: ete™ — had. R-ratio, data driven, dispersion, theory initiative, theory consensus
Warning signs: BMW vs. Exp. 1.50 agreement & tensions in the e™ e~ data (inflation)
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White Paper'20: theory error is the decisive factor
Although 5.20 discrepancy with WP no announcement (further warning sign: CMD-3
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Tiny experimental error = 5.8¢ discrepancy with WP'20
BMW/DMZ complete agreement, also other lattice results (WP'25 lattice averages)
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»  Wuppertal-Budapest-collaboration,
The order of the quantum chromodynamics transition predicted
by the standard model of particle physics, Nature 443 (2006)
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»  Wuppertal-Budapest-collaboration,
The order of the quantum chromodynamics transition predicted
by the standard model of particle physics, Nature 443 (2006)
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»  Wuppertal-Budapest-collaboration, »  Budapest—Marseille~Wuppertal-collaboration,
The order of the quantum chromodynamics transition predicted Ab initio calculation of the neutron-proton mass difference,
by the standard model of particle physics, Nature 443 (2006) Science 347 (2015) 1452-1455
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»  Wuppertal-Budapest-collaboration, »  Budapest—Marseille~Wuppertal-collaboration,
The order of the quantum chromodynamics transition predicted Ab initio calculation of the neutron-proton mass difference,
by the standard model of particle physics, Nature 443 (2006) Science 347 (2015) 1452-1455
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Outline and Inputs

e Experiment

— Input: Brookhaven & Fermilab complete agreement
— Statistics dominated total error

— Final error of Fermilab has been reached

e Data driven method
— Input: hadronic ete™ R-ratios: thousands of data points (>4549)

— Systematics dominated error (4-times larger than statistical)

e Lattice
— Input: Lagrangian with 4 quark masses (pion, kaon, Omega, Ds), «
— Systematic uncertainties are about the same as statistical ones
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History of the (g — 2),, experiments

Experiment Jahr P 1010
Columbia 1957 10% on g,

CERN | 1961 11450000(220000)
CERN I 1962-1968 11661600(3100)
CERN 111 1974-1976 11659100(110)
BNL 1998 11659 191(59)
BNL 1999 11659202(15)
BNL 2000 11659 204(9)

BNL 2001 11659208.0(6.3)
Fermilab 2025 11659207.05(1.48)

e Brookhaven had the $30 million magnet

e Fermilab had the most intense beam of muons in the world
= Bring the 14 meter diameter magnet ring to Fermilab
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QED | 11658471.9(0.0)
EW 15.4(0.1)
QCD 693.7(4.3)
Total | 11659181.0(4.3)

errors: QCD/4.3 dominant; vacuum polarization WP'20/4.0; WP'25/6.1 (jump); BMW'24/3.3
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R-Ratio: eTe™ annihillation — photon — hadrons
Normalize the hadronic cross-section by the ;™™ cross section

optical theorem:

60 years of experiments: CMD, SND, "

BES, KLOE, BABAR, ...
= (;> /

2020 White Paper result: 693.1(4.0), R-ratio

ds
52

Y Y
(o

Ku()R(s) y

Jhp




QCD contribution: R-ratio method

R-Ratio: eTe™ annihillation — photon — hadrons
Normalize the hadronic cross-section by the ;™™ cross section

Y Y
iy

optical theorem:

103;~ I | w28 * ;

60 years of experiments: CMD, SND, 102;
BES, KLOE, BABAR, ... R bl
= ()" [ SKoRE) % :
o L] Co ]

V3 G
2020 White Paper result: 693.1(4.0), R-ratio

2025 White Paper result: 713.2(6.1), lattice window averages
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Lattice field theory

systematic non-perturbative approach (numerical solution):
quantum fields on the lattice
quantum theory: path integral formulation with S= [ (Exin-Epot)

quantum mechanics: for all possible paths add exp(iS)
quantum fields: for all possible field configurations add exp(iS)

Euclidean space-time (t=i7): exp(-S) sum of Boltzmann factors

use a space-time grid = formally: four-dimensional statistical system
extrapolate to the continuum limit: a—0

= stochastic approach, with reasonable spacing/size: solvable theory, algorithm, CPU;
easy to make it 1000x more expensive
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Lo

fine lattice to resolve the

structure of the proton (<0.1 fm)
few fm size is needed

100-200 points in ‘xyz/t" directions
a=-a/2 means 100-200x CPU

X

N |
e

%

7z

~—/
| )t-

mathematically
10*! dimensional integrals
= importance sampling

advanced techniques,

good balance: discretization,
math, coding, setup, physics and
0(20) Pflops (10%%) needed (24/7)



Department of Physics, University of Adelaide, Australia
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Magnetic moment on the lattice

current-current correlator:

C(t) = {Ju(t)4,(0))
012 -
= /0 dt K(t) C(t)

K(t) describes the muon-line:

Nature 593 (2021) 7857, 51
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BMW simulation setup

> 7 lattice spacings: 0.13fm — 0.048(new)fm —— controlled continuum limit
> Box size: L~ 6fm
L~ 11fm at one lattice spacing —— FV effects
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BMW simulation setup

» 7 lattice spacings: 0.13fm — 0.048(new)fm —— controlled continuum limit
> Box size: L~ 6fm
L~ 11fm at one lattice spacing —— FV effects

» Quark masses bracketing their physical values

ol T T T T T T T l- B a[fm] LxT F#conf
. % 3.7000 0.1315 48 x 64 904
L 100 i ) e 3.7500 0.1191 56 x 96 2072
z \ A / ®  Physical point
o \ A s=3n () 3.7753 0.1116 56 x 84 1907
L 0%F / o p-370 () 1 3.8400 0.0952 64 x 96 3139
b o §=37153 (1) 3.0200 0.0787 80 x 128 4296
S| v =380 ()] 40126 00640 06 x 144 6980
§=39200 ) 41479 0.0480 128 x 192 5017
094F > B=4.0126 (6)
B=41479 (2)
n,ls4 0})6 0.58 1.:)0 1‘}12 1})4 LE]G l,l(]8 CPU demand scales as ~a—¢:

Mg /(Mg very careful planning needed



Final result: 2020

Isospin symmetric
connected light connected strange connected charm disconnected
633.7(2.1)(4.2) 53.393(89)(68) 14.6(0)(1) -13.36(1.18)(1.36)
QED O_O Strong isospin-breaking
isospin-breaking: ﬁ O O- O
@ Valence connected disconnected
connected -1.23(40)(31)  disconnected -0.55(15)(10) 6.60(63)(53) -4.67(54)(69)
OO0 w OO0
O @ isospin-breaking:
connected 0.37(21)(24)

OO ®| =

bottom; higher order;
perturbative

isospin-breaking:

disconnected -0.040(33)(21)
QED

0.11(4)

mixed OO O

connected -0.0093(86)(95)

disconnected 0.011(24)(14)

Finite-size effects
isospin-symmetric
18.7(2.5)
isospin-breaking
0.0(0.1)




Final result: 2020=-2024
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Final result: 2020=-2024
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Error reduction 2017 (blue) — 2020 (green) - 2024 (red)
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limit point breaking




Error reduction 2017 (blue) — 2020 (green) - 2024 (red)

Error x10'°
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Statistical Fi(r};i)tc Continuum Physical Isése'}))in
L&T limit point breaking
e |In 2017 the dominant uncertainty: finite volume
= in 2020 dedicated large volume simulation
earlier only 6 fm box, increased to 11 fm
= in 2024 separation of the tail



Error reduction 2017 (blue) — 2020 (green) - 2024 (red)

10

Error x10'°

[

0.19% 0.19%

(a) (b) © ) (&)
Statistical Finite Continuum Physical Isospin
L&T limit point breaking
e |In 2017 the dominant uncertainty: finite volume
= in 2020 dedicated large volume simulation
earlier only 6 fm box, increased to 11 fm
= in 2024 separation of the tail

e In 2020 the dominant uncertainty: continuum extrapolation
— new, even finer lattice with 0.048 fm lattice spacing (alltogether seven)



Error reduction 2017 (blue) — 2020 (green) - 2024 (red)
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Error reduction 2017 (blue) — 2020 (green) - 2024 (red)

Error x10'°
—
S
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[

0.19% 0.19%

(b) (d) ()
Statistical Finite Continuum Physical Isospin
L&T limit point breaking

e Statistic/noise reduction: all-to-all propagators
most of the noise comes from the tail: t > 3 fm
= in 2024 separation of the tail and use data driven method



Error reduction 2017 (blue) — 2020 (green) - 2024 (red)

Error x10'°
—
S
T —r T

[

0.19% 0.19%

(b) () (d) ()
Statistical Finite Continuum Physical Isospin
L&T limit point breaking

e Statistic/noise reduction: all-to-all propagators
most of the noise comes from the tail: t > 3 fm
= in 2024 separation of the tail and use data driven method

e Scale for physical point & dedicated isospin breaking analysis



Tail (long distance) contribution: t > 2.8 fm

a,,28-35 / Average
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Tail (long distance) contribution: t > 2.8 fm

T T T T T [ T T T T [ T T T T 1
Lattice I } 1 t i
BaBar o
CMD-3 e
KLOE —e—A
Tau ——
Avg. (no Tau) [
Avg. (with Tau) HH
I 0.I95 — 1.I00 — LI05 — 1.I10 l

a,,28-35 / Average

e t > 2.8 fm contributes only less than 5%
e data driven uncertainty: an order of magnitude better than lattice
e low energy part (below p) all agree

e we could be generous with errors: even 5 times larger wouldn't change the final error



Window observable

» Restrict correlator to window between t; = 0.4fm and t, = 1.0fm
[RBC/UKQCD'18]

1 window [RBG/UKQCD'18] ——
05
400-3 o dl [BMWG 7] — o
Q% day e/t [BMWCT7] —o—

300 ; - ;
200 R S ;
100 | i& ‘%‘5%

0

00 05 10 15 20 25 30 35 40 45
[im]
44 967, ~ 0,064 m, M,



Window observable

» Restrict correlator to window between t; = 0.4fm and t, = 1.0fm
[RBC/UKQCD'18]

1 " window [FBC/UKQCD'T8] — |
0s ‘ > Less challenging than full a,
0 o dl [BMWG 7] — o

400 Q@% day, yin/dt BMWC'17] —o—

300 %&x et

-,

00 05 10 15 20 25 30 35 4l
[im]

44 x 96



Window observable

» Restrict correlator to window between t; = 0.4fm and t, = 1.0fm

15 i  window [RBG/UKQCD'18] —— [RBC/UKQCD,]'S]
05 > Less challenging than full a,

Lo BMWC' 17] —o— . .
a, wi/dt BMWE'17] —o— > s|gna|/n0|se

lattice artefacts (short & long)

| 2
P finite size effects
>

R-ratio possible: other kernel
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Window observable

» Restrict correlator to window between t; = 0.4fm and t, = 1.0fm
[RBC/UKQCD'18]

:g ) windpw [RBC/UKQCDi18] —
s > Less challenging than full a,
460 ] § da dt [BMWc'17] —e— . .

S G BMWeTT] o > signal/noise

lattice artefacts (short & long)

| 2
P finite size effects
>

R-ratio possible: other kernel
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[im]

about two orders of magnitude
easier (CPU and manpower)



Window observable

» Restrict correlator to window between t; = 0.4fm and t, = 1.0fm

:g ) wind]ow[RBC/UKQCD"m] — [RBC/UKQCD 18]
s > Less challenging than full a,
460 ] j da dt [BMWc'17] —e— . .
3 a, wi/dt BMWE'17] —o— > s|gna|/n0|se
300

lattice artefacts (short & long)

| 2
P finite size effects
>

R-ratio possible: other kernel

00 05 10 15 20 25 30 35 40 45
[im]
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about two orders of magnltude 5208 8+ SAHO improvemem -
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histogram of 250,000 fits 02 | & N
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Window observable tension: other groups

L e e e e e e e e e L o o o o
This work HH This work HH
RBC 23
- RBC 23 1]
FHM '23 -
ETM '22 [
ETM 22 -
Mainz '22 - Mainz 22 HaH
Aubin 22 - BMW 20 e
xQCD 22 = | [T~~~ """~ TTTT TR
Lehner 20 H-=-H BaBar
BMW 20 i | |cMD-3 o4l
Benton 23 o KLOE
ete” & lattice = Tau HO-H
BAMW 20 PRI B B S AP ST RN AP
200 204 208 228 232 236
a0 e x 1010 ap Qe x 101

Huge tension between et e~ & our lattice result (with the average even more)



Take-home message: success of Quantum Field Theory up to 11 digits
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e Very different theories/techniques and we are sensitive to them:



Take-home message: success of Quantum Field Theory up to 11 digits

BNL & FNAL '25 |-
O.SoD—q

—=—
BMW/DMZ '24

| s——
White paper '25

RBC/UKQCD '24

Mainz/CLS '24

—e—
White paper '20

e P e xa00 - 11659000 = =
e Very different theories/techniques and we are sensitive to them:
QED: many loops/diagrams with renormalization
weak theory: renormalization and spontaneous symmetry breaking
QCD: lattice formulation and non-perturbative renormalization



Take-home message: success of Quantum Field Theory up to 11 digits

BNL & FNAL '25 |-
O.SOH

—=—
BMW/DMZ '24

| s——
White paper '25

RBC/UKQCD '24

Mainz/CLS '24

—e—
White paper '20

e P e xa00 - 11659000 = =
e Very different theories/techniques and we are sensitive to them:
QED: many loops/diagrams with renormalization
weak theory: renormalization and spontaneous symmetry breaking
QCD: lattice formulation and non-perturbative renormalization

e BMW just one result: others confirm/refute = precision era/bright future
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