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(g — 2) Fact Sheet

Sensitive probe of Physics beyond the Standard Model

_ _QED weak strong BSM BSM 2 2
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SM prediction: White Paper of “g — 2 Theory Initiative” (2020)

e Qverall precision of 0.37 pPpm [Aoyama et al., Phys. Rep. 887 (2020) 1]

e Error dominated by hadronic vacuum polarisation (HVP) and
light-by-light scattering (HLbL)

e HVP evaluated using “data-driven” approach based on dispersion
integrals and hadronic cross sections

t=e,u v
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SM prediction: White Paper of “g — 2 Theory Initiative” (2020)
e Qverall precision of 0.37 pPpm [Aoyama et al., Phys. Rep. 887 (2020) 1]

e Error dominated by hadronic vacuum polarisation (HVP) and
light-by-light scattering (HLbL)

e HVP evaluated using “data-driven” approach based on dispersion
integrals and hadronic cross sections
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e Since 2010: Lattice QCD calculations with increasing precision

e Single lattice result for HVP (BMWoc) with comparable precision
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[Borsanyi et al., Nature 593 (2021) 7857]
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Hadronic light-by-light scattering

[Aoyama et al., Phys. Rep. 887 (2020) 1, Colangelo et al., arXiv:2203.15810]

I ! I ! I ! I ! I I I I
e Hadronic models, data-driven method and
Lattice QCD produce consistent results
Mainz21 (+ charm-loop) | O | ' :
____________________________________ A otusdimwrzo | Lattice QCD e \White paper recommended value:
RBC/UKQCDI9 o , (+QED) a™' = (92 +18) - 107!
(+ charm-loop) H
WP20 data-driver ——— Data-driven e Recent lattice calculations (Mainz):
WP20 — - a,” =(109.6 + 14.7) - 107"
T e e 0 T i e [Chao et al., EPIC 81 (2021) 651; EPIC 82 (2022) 664]
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Hadronic light-by-light scattering

[Aoyama et al., Phys. Rep. 887 (2020) 1, Colangelo et al., arXiv:2203.15810]
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e Hadronic models, data-driven method and
Lattice QCD produce consistent results

e \White paper recommended value:
ay® =(92+18)- 107"
e Recent lattice calculations (Mainz):

a,” =(109.6 + 14.7) - 107"

[Chao et al., EPIC 81 (2021) 651; EPIC 82 (2022) 664]

a™™ : Uncontroversial — contributes 0.15 ppm to the total SM uncertainty of 0.37 ppm

— Focus on refinements and further reduction of uncertainty



Hadronic vacuum polarisation: Data-driven approach

Express hadronic vacuum polarisation as a dispersion integral:

hvp QM 2 ™ Ruad()K(s) B 3s _ . o
4" = (5 f Ba o RO = g e mhadony) Reratio

* Use experimental data for R, 4(s) in the low-energy regime (“data-driven approach”)

— SM prediction affected by experimental uncertainties
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Hadronic vacuum polarisation: Data-driven approach

Express hadronic vacuum polarisation as a dispersion integral:

hvp QM 2 ™ Ruad()K(s) B 3s _ . o
4" = (5 f Ba o RO = g e mhadony) Reratio

* Use experimental data for R, 4(s) in the low-energy regime (“data-driven approach”)

— SM prediction affected by experimental uncertainties
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Hadronic vacuum polarisation: Lattice QCD

Lattice QCD does NOT determine the R-ratio from first principles

Time-momentum representation (TMR): [Bernecker & Meyer EPIA 47 (2011) 148]

2 o0
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e No reliance on experimental data, except for simple input quantities — scale setting, calibration
e Not sensitive to exclusive hadronic channels 1.2
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Hadronic vacuum polarisation: Lattice QCD

Lattice QCD does NOT determine the R-ratio from first principles

Time-momentum representation (TMR): [Bernecker & Meyer EPIA 47 (2011) 148]
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e No reliance on experimental data, except for simple input quantities — scale setting, calibration

e Not sensitive to exclusive hadronic channels
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e Correct for finite-volume effects ]
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e Control discretisation effects (“lattice artefacts”)
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Hadronic vacuum polarisation: Lattice QCD

Lattice QCD does NOT determine the R-ratio from first principles

Time-momentum representation (TMR):

[Bernecker & Meyer EPJA 47 (2011) 148]
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e No reliance on experimental data, except for simple input quantities — scale setting, calibration

e Not sensitive to exclusive hadronic channels

Challenges

e Exponentially increasing statistical noise asr — oo

e Correct for finite-volume effects

e Control discretisation effects (“lattice artefacts”)

e |nclude isospin-breaking corrections
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Hadronic vacuum polarisation: Lattice QCD

Lattice QCD does NOT determine the R-ratio from first principles

Time-momentum representation (TMR): [Bernecker & Meyer EPIA 47 (2011) 148]
2 o0
h 04 = - 1m. ~
a/lvp — (;) f dt K(t)G(t), G()=-a’ Z <J;§'m°(xa nJ;" (O)> (K(7): known kernel function)
0 >

X

e No reliance on experimental data, except for simple input quantities — scale setting, calibration

e Not sensitive to exclusive hadronic channels

- strange
7,3 %
Challenges °
charm
e Exponentially increasing statistical noise as — oo 2,0%
e Correct for finite-volume effects ‘1";“;”“'
,0 70
e Control discretisation effects (“lattice artefacts”) light Lisospin
88,9 % 0.1%

e Include isospin-breaking corrections

Light-quark connected contribution dominates



Discretisations of the quark action

computational cost

Rooted staggered quarks: Wilson quarks:
e remnant fermion doublers — “tastes” e no doublers; chiral symmetry broken explicitly
e correct analytically for taste-induced e “exceptional configurations”:

lattice artefacts negative eigenvalues of Wilson-Dirac operator
e used by: e used by: Mainz/CLS, ETM, PACS

BMW, Fermilab-HPQCD-MILC, ABGP....

Domain wall /foverlap quarks:
e no doublers; chiral symmetry breaking exponentially small
e |ive in five dimensions (dwf)

e evaluate sign function of “conventional” action (ovlp)
e used by: RBC/UKQCD, yQCD,...




HVP in Lattice QCD
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HVP in Lattice QCD

Aubin et al. 22
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RBC/UKQCD

e Domain wall fermions
e Two ensembles: a = 0.114, 0.084 fm at mP™

e L[eading isospin-breaking corrections included

[Blum et al., Phys. Rev. Lett. 121 (2018) 022003]

e Naive continuum extrapol’n in a” including
estimated a*-term

a0 = (7154£163+92)- 10710 [2.6%]



HVP |n Lath ce QCD Mainz/CI_S [Gérardin et al., Phys. Rev. D 100 (2019) 014510]

e O(a) improved Wilson fermions

<

H—O— Aubin et al. 22 e Four lattice spacings: a = 0.085 — 0.050 fm
- o LM 20 .
ol BMV 20 e Pion masses m_ = 130 — 420 MeV
= . Mainz/CLS 19 e [sospin-breaking correction by ETMC added to error
_8 — @it FHM 19 ) . . .
5 o PACS 19 e Simultaneous chiral and continuum extrapolation
% ® = ETMC 19
o+ RBC/UKQCD 18
——— BMW 17
@y KNIT 19
@ DHMYZ 19
O BDJ 19
—OH FJ 19
650 | 7(I)O | 75() |
CLEVP . 1010
White Paper:
R-ratio:  a,"P"” = (693.1 £4.0)- 1071°  [0.6%] mil(4nf,)
LacD: @)™ = (711.6 £ 18.4) - 10710 [2.6%] a0 = (7200 £ 12.6 £9.9) - 10710 [2.2%)



H V P | N Lath ce QC D BMWc [Borsanyi et al., Nature 593 (2021) 7857]

e Rooted staggered fermions

—O— Aubin e al. 22 e Six lattice spacings: a = 0.132 — 0.064 fm
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[Blum et al., Phys. Rev. Lett. 121 (2018) 022003]

Window observables
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Window observables

[Blum et al., Phys. Rev. Lett. 121 (2018) 022003]
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Window observables

[Blum et al., Phys. Rev. Lett. 121 (2018) 022003]
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Data-driven approach: a}’fin = (2294 + 1.

4) - 10710 [Colangelo et al., Phys Lett B833 (2022) 137313]

(Excluding the 2023 CMD-3 result foreTe™ — 7t 7n")



Intermediate window observable in Lattice QCD
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[Borsanyi et al., Nature 593 (2021) 7857]

Mainz/CLS: O(a) improved Wilson quarks

200

190

180

170

160

150

set 1 :
set 1 :
set 1 :

set 2 :

a’ SE—— local-local e
a? -+ a3 local-conserved

Scaling test at m_ = 420 MeV

0

0.002 0.004 0.006 0.008 0.01
a’ [fm?]

[Ce et al., Phys Rev D106 (2022) 114502]



Intermediate window observable in Lattice QCD

BMWc: Rooted staggered quarks Mainz/CLS: O(a) improved Wilson quarks
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Intermediate window observable in Lattice QCD
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Mainz/CLS: O(a) improved Wilson quarks
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[Ce et al., Phys Rev D106 (2022) 114502]



Intermediate window observable in Lattice QCD

Results for individual quark flavours / quark-disconnected contribution in isospin limit
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[Ce et al., Phys Rev D106 (2022) 114502]



Intermediate window observable in Lattice QCD

Results for individual quark flavours / quark-disconnected contribution in isospin limit
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[Bazavov et al., arXiv:2301.08274]
[Alexandrou et al., arXiv:2206.15084]
[Ce et al., Phys Rev D106 (2022) 114502]



Intermediate window observable in Lattice QCD

Results for individual quark flavours / quark-disconnected contribution in isospin limit
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[Blum et al., arXiv:2301.08696]

[Bazavov et al., arXiv:2301.08274]
[Alexandrou et al., arXiv:2206.15084]
[Ce et al., Phys Rev D106 (2022) 114502]

Result for the dominant, light-quark connected contribution confirmed for
wide range of different discretisations with sub-percent precision



Intermediate window observable: Comparison with R-ratio

R-ratio estimate: a," =(2294+14). 10719 .  RBC/UKQCD 23
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Intermediate window observable: Comparison with R-ratio

R-ratio estimate: a," =(229.4+14)- 10719 | .+ RBC/UKQCD 23
: —@— ETMC 22
Mainz/CLS 22: ay™ =(237.30 + 1.46) - 107" e Maing/CLS 22
H—@— ETMC 21
Lattice average: ay" =(236.16 £ 1.09) - 107" T B
—— RBC/UKQCD 18
(RBC/UKQCD 23, ETMC 22, Mainz/CLS 22, BMW 20; —C—i Colangelo et al. 22 (R-ratio)

100% correlation assumed) S S
230 235 240
. . azbvin > 1010
win win
= a)" S
M 1Lat—av. M IR—ratio

= (6.8+1.8)-1071Y [3.80]

e Confirmed tension between lattice QCD and e¢*e™ data (prior to 2023) for sub-contribution to HVP



Intermediate window observable: Comparison with R-ratio

R-ratio estimate: a," =(229.4+14)- 10719 | .+ RBC/UKQCD 23
: —@— ETMC 22
Mainz/CLS 22: ay™ =(237.30 + 1.46) - 107" e Maing/CLS 22
O— ETMC 21
Lattice average: a;™ =(236.16 + 1.09) - 10719 1% BMW
—o—s RBC/UKQCD 18
(RBC/UKQCD 23, ETMC 22, I\/Iainz/CLS 22, BMW 20; —@— Colangelo et al. 22 (R-ratio)

100% correlation assumed) S S
230 235 240
. . azbvin > 1010
win win
= a)" S
M 1Lat—av. M IR—ratio

= (6.8+1.8)-1071Y [3.80]

e Confirmed tension between lattice QCD and e¢*e™ data (prior to 2023) for sub-contribution to HVP

e Subtract R-ratio prediction for a/jvin from White Paper estimate and replace by lattice average:

& — MM = (183+59)-107"° [3.10]

Lat—av.

e [ntermediate window accounts for 50% of discrepancy between BMWc and 2020 WP estimate
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Relation to the hadronic running of electromagnetic coupling
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[Ce etal, JHEP 08 (2022) 220, arXiv:2203.08676]
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Comparison with perturbative Adler function

. 3n d
Adler function: D(—s)=—=¢ . Aanad(s)  (Known in massive QCD perturbation theory at four loops)
0% )
Comparison of D(Q*) determined R

o~
o

o
&)
L L

(a) in perturbative QCD
(b) via R-ratio (DHMZ analysis)
(c) from Lattice QCD (Mainz/CLS 22)

no
o
I L

—
)
I L

Significance (o)

|;| T
|
I

Good agreement between pQCD and LQCD

O
6))
I L

for 0% > 2GeV? o

s e
Slight tension of 1-20 between data-driven — pQCDvs DHMZ Data @ (@eV?)
evaluation and QCD 0QCD vs Lattice Mainz

—— Lattice Mainz vs DHMZ Data
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Evaluation of Aa}flzl(Mg) and comparison with EW precision data

Adler function approach, aka. “Euclidean split technique”

Aa(S) (M%) = Aa(s)( QO) < lattice QCD
+[Aa(5)( M%) ACL’(S)( QO)] «— perturbative Adler function

+HAaD (M2) — Aal) (-M3)]  « pQCD



Evaluation of Aa®’

had

Adler function approach, aka. “Euclidean split technique”

Aot (M3) = Aa)) (- 03)

+HAaD) (-M3) — Al (-0D)]

+HAaD) (M2) — A (—M3)]

= Aal) (M2) = 0.027 73(9)1a(Qbim(12)pocn

[Ce et al., JHEP 08 (2022) 220, arXiv:2203.08676]
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Evaluation of Aa™® (M%) and comparison with EW precision data

had
Adler function approach, aka. “Euclidean split technique” lat. + pQCD[Adler] Lo
(5) 9) _ (5) lat. + KNT18[data] H——H
Aaf (Mz) Aa ( QO) R-ratio
KNT18/19 o
5 5
+HAa (-M7) = Aay i (-07)] .
Jegerlehner 19 — o
5 ) 5 ) EW global fits
+[Aa’( ) (Mz) Aa’( ) ( MZ)] Gfitter 18 —
(5) Crivellin et al. 20 : v |
2
= Acy (M 7) = 0.027 73Dt (2)btm (12) pocp Keshavarzi eral. 20—
Malaescu, Schott 20 | V—— A
[Ce etal, JHEP 08 (2022) 220, arXiv:2203.08676]
HEPfit 21 [ e

e Agreement between lattice QCD and evaluations based 0.0255 0.0260 0.0265 0.02A70(5) &(4)22)75 0.0280 0.0285 0.0290
. a/had Z
on the R-ratio

e Contradiction with tension observed at low energies?
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e Agreement between lattice QCD and evaluations based 0.0255 0.0260 0.0265 0.02A70(5) &(4)22)75 0.0280 0.0285 0.0290
. a/had Z
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e Contradiction with tension observed at low energies? Not in the correlated difference!

e No inconsistency with global electroweak fit



Summary & Outlook
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*pre-2023
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Badly needed next steps:
e |[ndependent check of the HVP result by BMWc with comparable precision (in prep.)

e Sort out the tension among e*e™ data: (re-)analyses in progress

Larger value of HVP is not excluded by EW precision data

*pre-2023
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Evaluation of the dispersion integral

Many different groups and analyses (DHMZ, KNT, FJ, CHHKS, BHLS,...)

Disagreement for some exclusive channels

DHMZ19 KNT19 Difference

A A 507.85(0.83)(3.23)(0.55) 504.23(1.90) 3.62
v A A 46.21(0.40)(1.10)(0.86) 46.63(94) —0.42
ttr ntn~ 13.68(0.03)(0.27)(0.14) 13.99(19) —0.31
A A A A 18.03(0.06)(0.48)(0.26) 18.15(74) —0.12
KTK~ 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/, ¥(2S) 7.76(12) 7.84(19) —0.08
[3.7, 00) GeV 17.15(31) 16.95(19) 0.20
Total a}"™ '© 694.0(1.0)(3.5)(1.6)(0.1)y (0.7 )pv+qcp 692.8(2.4) 1.2

Merging procedure: average of individual results + theoretical constraints + conservative
error estimate (reflecting tensions in the data, differences in procedures)

a0 = 693.1(2.8)exp(2.8)syst(0.7pvroep X 10719= 693.1(4.0) x 10710 [0.6%)



Window observables: Comparison with R-ratio

. . 1 > N
Starting point: G(1) = 12712f d(Vs)R(s) se Vet [RBC/UKQCD 2018]
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Insert G(7) into expression for time-momentum representation:

2 o0 1 o0 N
aEVp’ = (%) f d(Vs) R(s) 2 sf dt K(t) W (1; 19, tl)e\/gt
m> 0
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is - - Intermediate window from R-ratio following
18l — gwm ] procedure for WP estimate:
06k ! a™'® = @ = (229.4 + 1.4) - 10710
il ) Finer decomposition allows for more detailed
0.2- - studies of energy dependence
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Mainz/CLS: Results at the physical point [Cé et al., Phys Rev D106 (2022) 114502]
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Mainz/CLS: Noise reduction and the HVP contribution

Deflation techniques: Low-mode averaging Low-mode averaging vs. spectral reconstruction
4, ' '
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Euclidean split technique and the Adler function

3 d
Adler function: D(—s) = o7 s — Aapaq(s)
a ds

D(0O?) known in massive QCD perturbation theory at three loops

M d Q2

QCD/Adler 37T 0 Q2
0

Aoy (—M) — Aap (-Qp)) D(Q°)

Relation of D(Q?) and R-ratio:  D(Q?) = O ﬁ: ds s f(gz)z
(M5 - QF) [ R(s)
, . (5) AT E) Z 0
Direct DR: R A fmio T

Perturbation theory: [Aa/( ) (M%) ACV(S) ( M%)] 0.000 045(2) [Jegerlehner, CERN Yellow Report, 2020]



Euclidean split technique: relative contributions to Aa™®(M2)
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