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From BNL to Fermilab

BNL — 1 month long trip for the g-2 storage ring
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The (g-2)lLl . definition & experimental measurement

— € —
e Magnetic dipole moment of a charged lepton: 1 = g%s
e “anomaly” = deviation w.r.t. Dirac’s prediction: q = %
. 1 di v . o~ — spin orientation
e [Experimental “ingredients” to measure au. Vy — T = Uoolarised
— Polarised muons from pion decays (parity violation)
Polarized u Momentum
— “Anomalous frequency” Spin \&
(difference between spin precession and cyclotron frequency) p
. « c Storage ring
proportional to a, for the “magic y @
G = [0 = (00 = g BB = o B N e’/
= — — =~ a )
Dg m,c 4y ) v2 —1 mc H N f

— Parity violation in muon decays
: : L : : polarised — € T Ve +V
(electron emitted in the direction opposite to the muon spin) etz ¢
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The (g-2)lLl experiment

a PP(BNL): (11 659 208.9 £6.3) 10°1° .

— Expected uncertainty reduction by a factor 4 with the
experiment at Fermilab

- improved apparatus and enhanced statistics: more intense (x20) and
pure muon beam; B-field mapped every 3 days with special trolley with probes
pulled through beampipe (homogeneity ~ ppm); tracking system for electron
detectors etc.

- 1st publication: similar precision & good agreement with BNL

(7th of April 2021) prL 126, 141801 (2021)
a B*P(Fermilab): (11 659 204.0 £5.1 £1.8) 1071 — 6% of total data
W PRD 103, 072002 (2021)

Ex : . —-10 | ——
a, "P(Fermilab + BNL): (11 659 206.1 +4.1) 10 035 ppm) : = oo T

o : . 10°g =
- 2nd publication: uncertainty reduction by a factor ~2 : \A/VVVVV\/\/\/\/\A/\/\,\,V\,\,\/\Z
10°E

(10th of August 2023) prL 131, 161802 (2023) (+Run 2 & 3 data)
aMEXp(Fermilab): (11 659 205.5 £2.4) 10719 (0.20 ppm)

a P?(Fermilab + BNL): (11 659 205.9 +2.2) 10™1° 019 ppm)

— One of the most precise quantities ever measured

N/149.2 ns

- Expectation for final publication: another factor 2 improvement _
for the statistical precision 0 20 20 60 80 100

—> Initiative for a measurement using slow muons (KEK, Japan) Ximie:stist o mieliio {025 s
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Theoretical prediction

Why is it (so) complicated to compute one number ? (very precisely)

AA ,é A

0.001 ppm
+ Many other d1agrams at h1gher orders..

QED up to O(o) (Kinoshita et al.)

034ppm§fy v ¢ 0.15 ppm

ommant uncertalntles non- perturbatlve
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Hadronic Vacuum Polarization and Muon (g-2)lLl

Dominant uncertainty for the theoretical prediction: from lowest-order HVP piece
Cannot be calculated from QCD (low mass scale), but one can use experimental data on e'e” - hadrons cross section

Born: cr‘o)(S)=G(S)(OC/OC(S))2

o' [e*e” — hadrons (y,,)]

127 ImlI (s) = = R(s
© : ©
pt
2
Im[ /\/@/\/ ] = | va\C hadrons |
/"» ) - Ker[a,';"‘“""]
2 ® 0.03 |- — ~K(s)sfor (g-2), ] ) Ker[aL07HVP (0.4fm,1fm)]
had o = Loy i e ~ 1(s(s-M™)) for 0tger(M?) | 0100 Ker[6(A,a)(~1GeV?,~10GeV?)]/e?
a=o | ds R(s) TR T -
T 4m? > 0.02 Y < 0.010
n s i 1 &
é . l; 0.001
= - . < S ]
Dispersion relation 01| | % o
- - I e - \\3%m 1 1075 Oth | k [
Bouchiat and Michel, 1961 ol . - i — ther relevant kernels

0 0.5 1 1.5 2 0 1 2 3 4 5
s (GeV?) Vs [GeV]

— Precise o(e’e” - hadrons) measurements at low energy are very important
— Alternatively, one can use hadronic t decays data + IB corrections
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HVP: Data on e'e” — hadrons
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BaBar results (arXiv:0908.3589, PRL 103, 231801 (2009); arXiv:1205.2228(PRD)

Absolute u'u cross s
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Combination for the e'e” — n'n” channel (DHMZ ’19)
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— Procedure and software (HVPTools - Since 2009) for combining differential cross section data

— New since T1 White Paper, in next slides: SND20, CMD3, Updated BESIII cov matrix
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Combine cross section data: goal and requirements

— Goal: combine experimental spectra with arbitrary point spacing / binning

— Requirements:
 Properly propagate uncertainties and correlations
- Between measurements (data points/bins) of a given experiment
(covariance matrices and/or detailed split of uncertainties in sub-components)
- Between experiments (common systematic uncertainties, €.g. VP)
based on detailed information provided in publications
- Between different channels — motivated by understanding of the meaning of systematic uncertainties

and identifying the common ones

BABAR luminosity (ISR or BhaBha), efficiencies (photon, Ks, K1, modeling);

BABAR radiative corrections; 4n2n°—no

CMD2 ny — n’y; CMD2/3 luminosity; SND luminosity;

FSR; hadronic VP (old experiments)

( I’ motivation for using DHMZ uncertainties as “baseline” in the g-2 TI White Paper)

e Minimize biases

» Optimize g-2 integral uncertainty
(without overestimating the precision with which the uncertainties of the measurements are known)
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Combination procedure implemented in HVPTools software
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— Define a (fine) final binning (to be filled and used for integrals etc.)
— Linear/quadratic splines to interpolate between the points/bins of each experiment
- for binned measurements: preserve integral inside each bin
- closure test: replace nominal values of data points by Gounaris-Sakurai model and re-do the combination
— (non-)negligible bias for (linear)quadratic interpolation
— Fluctuate data points taking into account correlations & re-do the splines for each
(pseudo-)experiment

- each uncertainty fluctuated coherently for all the points/bins that it impacts
- eigenvector decomposition for (statistical) covariance matrices
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Combination procedure implemented in HVPTools software

For each final bin:

— Compute an average value for each measurement and its uncertainty
— Compute correlation matrix between experiments

— Minimize y? and get average coefficients (weights)

— Compute average between experiments and its uncertainty

Evaluation of integrals and propagation of uncertainties:

— Integral(s) evaluated for nominal result and for each set of toy pseudo-experiments;
uncertainty of integrals from RMS of results for all toys

— The pseudo-experiments also used to derive (statistical & systematic) covariance matrices of
combined cross sections — Integral evaluation

— Uncertainties also propagated through =10 shifts of each uncertainty:
- allows to account for correlations between different channels (for integrals and spectra)

— Checked consistency between the different approaches
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Combination procedure: weights of various measurements

For each final bin:
— Minimize y* and get average coefficients

Note: average weights must account for bin sizes / point spacing of measurements
(do not over-estimate the weight of experiments with large bins)
— Weights in fine bins evaluated using a common (large) binning for measurements + interpolation

— Compare the precisions on the same footing
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— Bins used by KLOE larger than the ones
by BABAR in p-o interference region
(factor ~3)

— Average dominated by BaBar, CMD3,
KLOE, SND20
BaBar covering full range
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Combining the e'e” — n'n data
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Combining the e'e” — n'n data: relative differences
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Combining the e'e” — n'n data: relative differences
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Quantitative comparisons for aMHVP

— Comparison of integrals computed on restricted energy ranges, for individual experiments:
significance of the difference between different experiments, taking into account correlations
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— Largest tensions between CMD3 and KLOE
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Combination procedure: compatibility between measurements

For each final bin:
— y* /ndof: test locally the level of agreement between input measurements, taking into account correlations
— Scale uncertainties in bins with %> /ndof > 1 (PDG): locally conservative; Adopted by KNT since *17

— 3 —TT T T L — = . .
g gl | | | | | | "1 — Tension between measurements, especially
= S5F 1 between KLOE & CMD3, which provide the smallest
S 4 /largest cross-sections in the p region:
S 241 3 Indication of underestimated uncertainties
- 2'2 = E Motivates conservative uncertainty treatment
i ab 4 in combination fit (evaluation of weights / fits based on
TE 1 analyticity & unitarity to constrain uncertainties at low Vs
161 1 - backup)
141 .
= 17— Observed (systematic) tension between
'15 I ﬂ | h | " | 1 measurements, beyond the local > /ndof rescaling

Il 1 1 | 1 1 1 1 L 1 1 1 1 1 | 1 1 1
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— (Since 2019) Included extra (dominant) uncertainty: 1/2 difference between integrals w/o either BABAR or
KLOE ( 2™ motivation for using DHMZ uncertainties as “baseline’” in the TI WP )

Extra uncertainty started to be adopted in other studies (2205.12963)
However, tensions are larger now and we need to understand their source!

Two panel TI discussions with 49 questions addressed to CMD3 did not allow to identify any major problem.
CMD2 / CMD3 tension still open question!
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Impact of higher order photon emissions: Unique ‘(N)NLO’ BaBar study

— Studied in-situ in BaBar data, using kinematic fits: test the most frequently used Monte Carlo generators
- PuokHara: full NLO matrix element for ISR and FSR
- ArkQEebp: NLO and NNLO, with collinear approximation for additional ISR

Generic ISR diagrams

PHOKHARA

a*LO Topology
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https://inspirehep.net/literature/2686999

BaBar results on higher order photon emissions
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— NNLO contributions clearly
observed in data

— BaBar measurements with loose selection incorporate NLO and HO radiation minimising MC-dependence
— Other ISR measurements select ‘LO’ topology and rely on PHokHarA for hard NLO (but with no NNLO)
— Aspects further emphasized through studies based on fast simulation (2312.02053)
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Uncertainties on uncertainties and correlations

Numerous indications of uncertainties on uncertainties and on correlations, with a direct impact on
combination fits

— Shapes of systematic uncertainties evaluated in ~wide mass ranges with sharp transitions
— One standard deviation is statistically not well defined for systematic uncertainties

— Systematic uncertainties like acceptance, tracking efficiency, background etc. not necessarily
fully correlated between low and high mass

— Are all systematic uncertainty components fully independent between each-other? (e.g. tracking
and trigger)

— Yield uncertainties on uncertainties and on correlations

— Tensions between measurements (BABAR/KLOE/CMD3; 3 KLOE results etc.):
experimental indications of underestimated uncertainties

—s Statistical methods (y*> with correlations, likelihood fits, ratios of measured quantities etc.) should
not over-exploit the information on the amplitude and correlations of uncertainties

Topic of general interest, in other fields too (see backup)
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Combination of measurements for various channels

and total HVP contribution
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Combination for the ete” — ' nt° channel

Cross section [nb]
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— Essentially normalization differences w.r.t. T data: cross-checks very desirable
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Combination for the e'e” K K~ channel
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— Tension between measurements
— a [—1.8GeV]: 23.08 + 0.20 (stat.) + 0.40 (syst.) [1071°] (enhancement X 2.2)
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Combination for the e'e” >KKn and KK2x channels
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Contributions from the 1.8 — 3.7 GeV region

—_
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n — 7
s 3-45_ ete—Hadrons <KEDR16 = BES02 T
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3 > BES 99 " BES09

. Combined HQCD 3
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— Contribution evaluated from pQCD (4 loops) + O(a, 2) quark mass corrections

— Uncertainties: o, truncation of perturbative series, CIPT/FOPT, m,

— 1.8-2.0 GeV: 7. 65i0 31(data excl.); 8.30+0.09(QCD); added syst. O 65 [10719]
— 2.0-3.7 GeV: 25.82+0.61(data); 25.15 £ 0.19(QCD); agreement within 1o

— BES III results to be included: ~tension with pQCD and with KEDR 16 (backup)

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o, EW fit, o



Contributions from the charm resonance region
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Situation in arXiv:1908.00921 (EPJC)

Channel

(lllt'"LL() [l()— ‘H)]

Achaa(mz) [1077]

o
Ty

Yy
ot~

ntx—n®

2nt 2w~

nta—2x°
2727770 (n excl.)
=370 (n excl.)
3nt3n~

2nt 277 27° (1 excl.)

ot

7~ 47° (n excl., isospin)
177r+7r7

nw

nmta~7%(non-w, ¢)
n2nt 2

wnm®

wr® (w — 7%)

w2r (w — 7%)

w (non-3m, 7wy, n7y)
KTK

KsKr

& (non-K K, 37, 7y, 17)
KK

KK?2m

KKw

no

nKK (non-¢)

w3r (w — 70)

7w (337~ 7° + estimate)

4.41 £ 0.06 &= 0.04 £+ 0.07
0.65 £ 0.02 £ 0.01 &= 0.01
507.85 £+ 0.83 &= 3.23 £ 0.55
46.21 £20.40 = 1.10 &= 0.86
13.68 = 0.03 £ 0.27 4= 0.14
18.03 4= 0.06 £ 0.48 4 0.26
0.69 £ 0.04 &= 0.06 = 0.03
0.49 £+ 0.03 &= 0.09 £ 0.00
0.11 £+ 0.00 &= 0.01 = 0.00
0.71 £ 0.06 &= 0.07 £ 0.14
0.08 £ 0.01 &= 0.08 &= 0.00
1.19 4= 0.02 & 0.04 &+ 0.02
0.35 £ 0.01 4= 0.02 £ 0.01
0.34 £ 0.03 &= 0.03 £+ 0.04
0.02 £+ 0.01 &= 0.00 £ 0.00
0.06 = 0.01 &= 0.01 &= 0.00
0.94 £ 0.01 &= 0.03 £ 0.00
0.07 = 0.00 = 0.00 &= 0.00
0.04 £+ 0.00 &= 0.00 £ 0.00
23.08 £ 0.20 = 0.33 £+ 0.21
12.82 + 0.06 = 0.18 = 0.15
0.05 &£ 0.00 &= 0.00 £ 0.00
2.45 £ 0.05 £ 0.10 &= 0.06
0.85 £ 0.02 &= 0.05 £+ 0.01
0.00 £ 0.00 = 0.00 &= 0.00
0.33 £ 0.01 &= 0.01 £ 0.00
0.01 £ 0.01 &= 0.01 £ 0.00
0.06 = 0.01 = 0.01 &= 0.01
0.02 £ 0.00 &= 0.01 £ 0.00

0.35 4 0.00 £ 0.00 £ 0.01
0.08 4= 0.00 £ 0.00 =£= 0.00
34.50 £ 0.06 &= 0.20 £+ 0.04
4.60 3= 0.04 &= 0.11 £ 0.08
3.58 £ 0.01 &= 0.07 + 0.03
4.45 4+ 0.02 = 0.12 £+ 0.07
0.21 = 0.01 £ 0.02 4+ 0.01
0.15 4+ 0.01 £ 0.03 £+ 0.00
0.04 4 0.00 = 0.00 =+ 0.00
0.25 4 0.02 £ 0.02 £ 0.05
0.03 4= 0.00 %= 0.03 £ 0.00
0.35 4+ 0.01 = 0.01 4= 0.01
0.11 4 0.00 £ 0.01 £ 0.00
0.12 4+ 0.01 =2 0.01 £ 0.01
0.01 4= 0.00 £ 0.00 £ 0.00
0.02 4= 0.00 £ 0.00 =£= 0.00
0.20 4= 0.00 £ 0.01 £ 0.00
0.02 4= 0.00 =% 0.00 =% 0.00
0.00 £ 0.00 = 0.00 £ 0.00
3.35 £ 0.03 = 0.05 £ 0.03
1.74 4 0.01 = 0.03 £+ 0.02
0.01 4= 0.00 £ 0.00 £ 0.00
0.78 = 0.02 £ 0.03 &+ 0.02
0.30 4= 0.01 £ 0.02 £ 0.00
0.00 4= 0.00 == 0.00 =£= 0.00
0.11 4= 0.00 = 0.00 £ 0.00
0.00 #= 0.00 £ 0.01 £ 0.00
0.02 4= 0.00 4= 0.00 =£= 0.00
0.01 4 0.00 £ 0.00 £ 0.00

J/v¥ (BW integral)
¥ (2S) (BW integral)

6.20 = 0.11
1.56 = 0.05

7.00 £ 0.13
2.48 4+ 0.08

R data[3.7 — 5.0] GeV

7.29 4= 0.05 £+ 0.30 &= 0.00

15.79 = 0.12 = 0.66 = 0.00

Rqgcep (1.8 — 3.7 GeV]uas
Rqgep [5.0 — 9.3 GeVl]uasc
Rgep (9.3 — 12.0 GeV]udses
Rgep [12.0 — 40.0 GeV]yases
Rgcep [> 40.0 GeV]uascs
Rqep [> 40.0 GeV],

33.45 £ 0.28 &= 0.65dual1
6.86 &= 0.04
1.20 = 0.01
1.64 £+ 0.00
0.16 &= 0.00
0.00 &= 0.00

24.27 + 0.18 =+ 0.284ual
34.89 &= 0.18
15.53 = 0.04
77.94 £+ 0.13
42.70 = 0.05
—0.72 4+ 0.01

Sum

694.0 £1.0x£3.5+1.6 0.1, =0.7qco

275.29 £ 0.15 &£ 0.72 £ 0.23 &= 0.15, =+ 0.55qcDp

B. Malaescu (CNRS

— 32 exclusive channels are
integrated up to 1.8 GeV

Relative contributions to a, from
missing channels (estimated
based on isospin symmetry)

— 0.87 + 0.15 % (DEHZ 2003)
— 0.69 £ 0.07 % (DHMZ 2010)
— 0.09 £ 0.02 % (DHMZ 2017)
— 0.016 = 0.016 % (DHMZ 2019)
(Nearly complete set of exclusive
measurements from BABAR)

Estimation procedures also adopted
by KNT
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— Performed non-trivial check: a, and Aa, . from sum of 0.00 = E
individual channels and from Ree integral < 1.8 GeV Data[3.7;5GeV] 9:004F E
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Olg extraction from the Adler function and test of the RGE

D(Q*) = ZQin i(Q%) =

Q2 dAahad (Q )

o dQ?

2302.01359

— Experlmental values with correlations; Theoretical predictions: perturbative + non-perturbative corrections (OPE)

Q*(GeV?)

@ (GeV?)

Correlation matrix

1. 14 19 25 32
Q%(GeV?)

— Using W.Av. a (M) value ~0.118: OPE prediction
in good agreement with Lattice QCD, above dispersive

— Fit DHMZ data: o\~ (M2) = 0.1136 + 0.0025

— Performing RGE test and evaluating its precision,
with different correlation scenarios for theory

uncertainties

B. Malaescu (CNRS)

o
o
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https://inspirehep.net/literature/2629427

Comparing lattice QCD and data-driven results 1n systematically

improvable ways

2308.04221 (BMW & DMZ)

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o
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https://inspirehep.net/literature/2686312

Primary observables: lattice calculations; comparisons w.r.t. dispersive

— Lattice: employ simulations to compute electromagnetic-current two-point function

3
00 = 53 [ = (3@0 50

= Aag)d (—1 — —10GeV2), ... are weighted sums of C(¢) over ¢

O

connected light
658.4(1.5)(4.1)

Isospin symmetric

O

connected charm
14.6(0)(1)

O

connected strange
53.421(58)(80)

OO

disconnected
-15.42(72)(52)

QED isospin breaking, valence

OO OO0 0

connected
-1.20(32)(29)

disconnected
-0.57(13)(11)

Etc.

bottom; higher order;
perturbative

0.11(4)

QED isospin breaking, sea

OO0 OO0 000

connected
0.51(13)(22)

disconnected
-0.034(31)(19)

QED isospin breaking, mixed

connected QWO
-0.0065(60)(42)

O

disconnected
0.011(23)(12)

Strong isospin breaking

O

connected
6.32(55)(49)

OO

disconnected
-3.57(42)(41)

J 2 1 1 2 1 2
7 _ = _ B _ _
— = —uy,u— —dvy,d— —=38v,8+ —¢y,c— =by,b+ —tv,t
e 3 3 3° R A
LO-HVP _LO-HVP (5)
a’u ) a’,u,win ’ 5(Aahad
Based on BMW?20 (+) with preliminary & Ac”
ased on with preliminary had
— Tensions between lattice and data-driven (DD) HVP results
LO-HVP LO-HVP -
[Aa“ Lat—DD ~2.1o [Aau,wm Lat-DD 4.00
lattice —m— lattice avg —e—
lattice avg —e— R-ratio —&—
FHM23 | | B
RBC/UKQCD’23 W WA lattice | —e—
ETMC22 -
Mainz’22 | il ﬁm
ABGP’22 | — T —
xQCD’22 (Ov/HISQ) —_——— ; | —
xQCD’22 (Ov/DW) | A - This work
LM'20 = 1
BMW20 | —l— | Colangelo et al.’22 |- ——
RBC/UKQCD’18 | ——
BMW’20 ——
WA lattice | ‘ . -—0—- . ‘ ‘ ‘ ‘ ol
200 203 206 209 212 227 230 233 236 239
1010 [at%-il;lvp]:;s% 1010« atgv-it:vp

All contributions to C(t), with all limits taken:

a—0, L—o0, Mn —>Mn‘p,

B. Malaescu (CNRS)
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QED ?°
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Lattice «» R-ratio comparison: new developments

C(t) = 5i== [y ds+/sR(s) e [tvs
— R-ratio — lattice: “straightforward” (integrate R-ratio)

— Lattice — R-ratio: inverse Laplace transform (ill-posed problem)

New in this study:

— Correlations among lattice HVP observables (stat. resampling
and syst. histogram, with flat and Akaike Information Criterion
(AIC) weights)

— Uncertainties on these correlations (important for checking

stability of inverse problem) 630 635 640 645 650

LO — HVP
ayu

o (connected ud)
— Developed statistical approach that:

Provides useful information with limited lattice input
Can be systematically improved with more lattice input
Can (eventually) incorporate physical constraints

°
°
o
e Includes measure of agreement of lattice & R-ratio results with comparison hypothesis
e Accounts for all correlations in lattice and R-ratio observables ...

°

... iIncluding uncertainties on these

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o EW fit, o,

OED



Testing lattice

— 1-by-1 comparison of moment integrals

Observable latticeBMw20 data-driven  diff. % diff. o p-value [%]
g % 10 707.5(5.5) 694.0(4.0) 13.5(6.8) 1.9(1.0) 2.0 4.7
a{;%},iVP x 10*° 236.7(1.4) 229.2(1.4) 7.5(2.0) 3.2(0.8) 3.8  0.01

[ ©) a(—=10Gev?) — AP (-1 Gevﬂ x 10* 48.67(0.32) 48.02(0.32) 0.65(0.45) 1.3(0.9) 1.4 15,

— Simultaneous comparisons with correlations

x(ag) =D [a5" — ] [Cl] (o — ] + Z - 0] [Cr"] [’ — o]

Ik
2 lat R - lat R
Xmin — Z [aja - aj] [(Clat + CR) ]jk [aka - ak]
J.k
# observ. x° /dof p-value [%]
2 14.4/2 — 18.8/2 0.002 — 0.017
3 14.4/3 — 18.8/3  0.009 — 0.63

— Some dilution compared to alLLSV'iEVP alone, but still significant tension

— (Taking into account the shapes of integral kernels - backup) Differences could be explained by: a C(z)
that is enhanced in ¢ ~ [0.4, 1.5] fm, also probably for # 2 1.5 fm, with possible suppression for ¢ < 0.4 fm

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o EW fit, o,

QED ?°



Testing R-ratio: methodology

— Chop o into contributions a®, from same Vs-intervals 7, for all j : ay = aRb
b a; 4, b J j 7,

— To accommodate lattice results a 1

at 1 t
, allow common rescaling of a® ib> I E Yo - a
for all , in certain /, :

- Simplest interpretation: R-ratio rescaled in 7,
- However, constrains shape of R-ratio modification in limited way: physical deformation may be allowed

— If N > N,, system (over-)constrained: solved here for one y via weighted average and/or > minimization,
while aV01d1ng too strong assumptions about the knowledge of uncertainties and correlations

lat
lat ZbeBa, -
=2 VD = =5

bcA beB Zb cA a,?:b
_ N\ —1
) =Xl (cl+ )| -
Ik Jk
X2 (,7) _ Z lat Z,Y ajp — Z ajp I;t lat Z N ke — Z Qe
7k L beA beB ceA ceB
T Z {aﬁ) - “J'b} [Cﬁ 1] (jb) (ke) [af}c - ake]
(4b),(kc)

— Somewhat different interpretation, still compatible results
B. Malaescu (CNRS) Dispersive/lattice HVP fora & o EW fit, o,

QED ?°



Sensitivity to the lattice statistical uncertainties on covariance matrix

— Employ 2" order sampling (bootstraps on
jackknife samples) to build distributions for the
quantities of interest: re-run procedure with
fluctuated lattice covariance matrix

— Quantiles of these distributions to quantitatively
evaluate the impact

— Normalisation factor and its uncertainty from fit
precisely determined

— Conclusions about ¥ and p-values stable within
lattice statistical uncertainties on covariance matrix

Entries

Entries

Entries

2 input moment integrals; Normalisation fit < 0.96 GeV;

Lattice covariance matrix “0”

R R o o L R R A
e Nominal 3
350 =
F —e = \Var E
300 -~ Median 3
E — Mean
250~ me83%
£ 95.4%
200F ME5iAe
150 =
100;— -
50—
o:1|\\\|\\1||\\|\ Lro HMHM\M\I\\:
099 1 1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08
Normalization [Av. simple weights]
60T T T =
[ e Nominal J
50— o=+ \Var ]
F --:- Median ]
r — Mean
40_ Ndof
[ [ 68.3%
30 []95.4%
20F =
10[~ -
C 1 — Il
00 1 5
%2 [Av. simple weights]
705 : e =
E o =m Nominal 7
60 o= \var
E ----- Median 3
50— —Mean
F Ndof 9
40:— [168.3%
£ [195.4%
30
20F +
10 =
0’ . 1 n P L I 1
0 5 10 15 20 25

%2 [No normalization fit]

Entries

Entries

Entries

F T T T T§ T T T T |
220F S 0 Nominal
200F o= \Var
180F- ----- Median 3

= : — Mean 3
160 =
1i0: stat uncertainty 683% 7

0 . 5 —
120E.0N Primary one J954%  {
0F =

E —| ] |— 3
100 3

Zg* primary -
aof- uncertainty 3
20F 3
| ———| PRI | n P B Pl
%02 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
o(Normalization) [Av. simple weights]
160 — 7 R AR
----- Nominal
140 o= (Var
----- Median 3
1201 —Mean
100~ []683%
[195.4%
80 —
60— =
40— =
20— o
0_ - Il 1 1 1 1 il 1 il .|
0 01 02 03 04 05 06 07 08 09 1
p-value [Av. simple weights]
— B T T
----- Nominal ]
100 o :(Var
----- Median
801 —Mean
[168.3%
coll [1954%
40~ -]
20 =
[ ]y N PR I 1 1]
% 0.002 0.004 0.006 0.008 0.01 0.012

p-value [No normalization fit]
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Testing R-ratio: results

Consider a; = a

—&— 2 observables

LO-HVP

" » @

LO-HVP

L, win

3 observables

—&— largest /

(2 observables) with a; = 5(Aa$)d> (3 observables)

—O— smallest syst. var. p-value

[VSth,0.63] U [0.92, [

- -y - S

10%

Vs [GeV]

— Differences could be explained by enhancing measured R-ratio around (/any larger interval including) p-peak

p-value

61 [%]

— Outcome of the studies stable within stat. and syst. uncertainties on lattice covariance matrices
— Rescalings beyond the uncertainties of Re"e” — No problems for EW fits in case of 3-observable
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A new possible perspective on a, (HVP)

1T 17T | T 17T ‘ T 17T { T 17T [ LI ’ T 17T | T T 1771 ‘ T T 1771 T 0 [ I T T T | T T T
BABAR (100% of 2 below 1.8 GeV) BABAR
H—0— :
~168 + 38 = 29 ; 2308 £1.1=1.0 S
CMD-3 (98.9%) | CMD-3
H————— Tl 00—
-50+42 +29 : 2342 +1.2+1.0
KLOE 4, (97-1%) B KLOE. .
-263 =51 =29 i ¢ i : 227.3 :Wdt.’g +1.0 i
KLOE,___, (75.3%) KLOE
peak ———i— ' peak ——e——
_265 =23 + 29 5 227.4+0.7+1.0
. &
Tau (100%) - e + Tau O—i—
-135+34 29 ? 2324 +0.9+1.0
o
BMW (lattice QCD) - Lattice \ |
~105 + 55 ' " ' 3 236.1+0.9
| | L1 11 ‘ L 111 ‘ L1 11 ‘ 111 i | | | I | ‘ | I | ‘ 1 i | 1 1 | ‘ 1 | 1 | | 1 i | 1 1 |
-450 -400 -350 -300 -250 -200 -150 -100 -50 0 50 220 225 230 235 240
11 ; 3
2312.02053 a,-a¥® [x107"] a"n [x107%]

— The 1-based HVP contribution close to the values provided by BABAR and CMD-3
— Their combination (3.86 > KLOEpeak) 1s compatible with BMW for a, but a 2.9c tension persists for a_ "
— The BMW-based prediction is 1.8c below the experimental value; not incompatible with the EW fit (backug%
Combining BABAR, CMD-3, 1 (+BMW): 2.56 (2.80) difference with experiment
When including KLOE in the dispersive calculation: > 5¢ w.r.t. experiment
— Tests of MC generators using KLOE data & in-situ studies of impact on the analysis are very much desirable
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https://inspirehep.net/literature/2729859

Remarks and Conclusions

We have an interesting, long standing, multifaceted problem...
... And very important elements to solve the puzzle started to become available !

— Future et+e- measurements very important: independent 2n measurement from BaBar w/o PID ~this year

Guiding ideas:
— Need rigorous and realistic treatment of uncertainties and correlations at all levels
(Underestimated uncertainties do not bring scientific progress & can put studies on wrong path)
— Caution about significance:
statistics-dominated measurement; prediction uncertainty limited by non-Gaussian systematic effects
— Studies for understanding differences between data-driven and Lattice QCD approaches need to
follow similar standards as the g-2 experiment: double-blinding
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Backup
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Lepton Magnetic Anomaly: from Dirac to QED

e Magnetic dipole moment of a charged lepton:  fi = g—S5

Dirac (1928) g=2 a=0

e ‘“anomaly” = deviation w.r.t. Dirac’s prediction: @ =

anomaly discovered:
Kusch-Foley (1948) a=(1.19+0.05) 107

and explained by O(a) QED contribution:
Schwinger (1948) a_=0/2n=1.1610"
first tritumph of QED

= a_sensitive to quantum fluctuations of fields
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More Quantum Fluctuations

a = (LQED 4 aha.(:l s a.wea.k 4 9 g new physics ?

typical contributions:
QED up to O(a®) (Kinoshita et al.)

Hadrons vacuum polarization light-by-light (dispersive & lattice QCD)

Electroweak
w W

4 Yy AN X Xt

- a much more sensitive to high scales Y x0 X
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Theory 1itiative: prepare the Standard Model prediction for (g-2)lLl

PAST WORKSHOPS AND EVENTS

Sixth Plenary Workshop of the Muon g-2 Theory Initiative
http://muong-2.itp.unibe.ch/
to be held at the University of Bern (Bern, Switzerland), 4-8 September 2023.

2nd CMD3 discussion meeting
https://indico.ijclab.in2p3.fr/event/9697/
Avirtual event hosted by IJCLab on 20 July 2023.

Scientific seminar and discussion on new CMD-3 result
https://indico.fnal.gov/event/59052/
Avirtual event hosted by Fermilab on 37 Mar 2023.

Fifth Plenary Workshop of the Muon g-2 Theory Initiative
https://higgs.ph.ed.ac.uk/

held at the Higgs Centre, University of Edinburgh (Edinburgh, United Kingdom), 5-9 September 2022.

Fourth Plenary Workshop of the Muon g-2 Theory Initiative
https://agenda.hepl.phys.nagoya-u.ac.jp/indico/conferenceDisplay.py?confld=1691
A virtual workshop hosted by KEK (Tsukuba, Japan), held on 28 June - 02 July 2021.

The hadronic vacuum polarization from lattice QCD at high precision
https://indico.cern.ch/event/956699/
A virtual topical workshop of the Muon g-2 Theory Initiative, 16-20 Nov 2020.

Hadronic contributions to (g-2) p
https://indico.fnal.gov/event/21626/
held at the Institute for Nuclear Theory, University of Washington, Seattle, WA, 9-13 September 2019

Second workshop of the Muon g-2 Theory Initiative
https://wwwth.kph.uni-mainz.de/g-2/
held at the Helmholtz Institute Mainz, University of Mainz, Mainz, Germany, 18-22 June 2018

Muon g-2 Theory Initiative Hadronic Light-by-Light working group workshop
https://indico.phys.uconn.edu/event/1/
held at the University of Connecticut, Storrs, CT, 12-14 March 2018

Workshop on Hadronic Vacuum Polarization Contributions to Muon g-2
https://www-conf.kek.jp/muonHVPws/
held at KEK, Tsukuba, Japan, 12-14 Feb 2018

First workshop of the Muon g-2 Theory Initiative
https://indico.fnal.gov/event/13795/
held in St. Charles, IL, USA, 3-6 June 2017

B. Malaescu (CNRS)

Put together in a coherent & conservative way the
results of various groups, before the Fermilab result

https://muon-gm?2-theory.illinois.edu

White Paper: arXiv:2006.04822 (Phys. Rept.)



Theory initiative white paper executive summary & new results

Contribution Section Equation Value x10'!  References
Experiment (E821) Eq. (8.13) 116592089(63) Ref. [1]

HVP LO (e*e) Sec.2.3.7 Eq.(2.33) 6931(40) Refs. [2-7]

HVP NLO (efe™) Sec.2.3.8 Eq.(2.34) -98.3(7) Ref. [7]

HVP NNLO (e*e) Sec.2.3.8 Eq. (2.35) 12.4(1) Ref. [8]

HVP LO (lattice, udsc) Sec.3.5.1 Eq. (3.49) 7116(184) Refs. [9-17]
HLbL (phenomenology) Sec.4.94 Eq.(4.92) 92(19) Refs. [18-30]
HLbL NLO (phenomenology) Sec. 4.8 Eq. (4.91) 2(1) Ref. [31]

HLbL (lattice, uds) Sec. 5.7 Eq. (5.49) 79(35) Ref. [32]

HLbL (phenomenology + lattice) Sec. 8 Eq. (8.10) 90(17) Refs. [18-30, 32]
QED Sec. 6.5 Eq. (6.30) 116584718.931(104) Refs. [33, 34]
Electroweak Sec. 7.4 Eq. (7.16) 153.6(1.0) Refs. [35, 36]
HVP (e*e”, LO + NLO + NNLO) Sec. 8 Eq. (8.5) 6845(40) Refs. [2-8]
HLbL (phenomenology + lattice + NLO)  Sec. 8 Eq. (8.11) 92(18) Refs. [18-32]
Total SM Value Sec. 8 Eq. (8.12) 116591 810(43) Refs. [2-8, 18-24, 31-36]
Difference: Aa,, := aZxP - aEM Sec. 8 Eq. (8.14) 279(76)

— Dominant uncertainty: HVP LO — Merging of model independent results: DHMZ and KNT (and CHHKS for n'n~ &
n'mw ) Central value from simple average; BABAR-KLOE tension & correlations between channels from DHMZ; Max(DHMZ &
KNT uncertainties) in each channel

— HLbL also has an important uncertainty

— Lattice QCD (+QED) results become more and more interesting; Precision of BMW20 (to be cross-checked by other
lattice groups) became similar to the one of dispersive approaches; Good agreement using Euclidean time windows (related to HVP
with suppression of very low and high energies) for which various groups achieved similar precision; If BMW?20 result is fully
confirmed, the difference w.r.t. dispersive results to be understood.

— A tension between the BNL measurement and the reference SM prediction: ~ 3.7 6 (~ 4.2 ¢ including FNAL)
— Tension significantly smaller when using BMW?20 for the LO HVP
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Status of a, before/with 1st Fermilab result

HVP from: Important to account for BABAR-KLOE diff.- &
kB0 AN ;o inter-channel correlations
BMWZO |III||||I||||||I||||II||I||III|II|||III|
ETM18/19 @ !
Mainz/CLS19 * ‘
FHM19 ' ® ‘. . , DHMZ 2019 . | Fermilab '21
PACS19 , ° , ' 243 + 43 (4.10) g + BNL
RBC/UKQCD18 . : & _ 1908.00921, updated with e 041
BMW17 f ' WP 2020 LBL value §
RBC/UKQCD R IS =
data/lattice S 2
BDJ19 HilH 5 252 + 29 (5.00) =
J17 i '[ 3 1911.00367, updated with 2
_______________________________________________ S| |---notusedin WP20 WP 2020 LBL value g
DHMZ19 i 3 g
KNT19 HElH § WP 2020 ——i
w -251+ 43 (4.20)
WP20 |_!_| 370 Muon g—2 Theory White Paper,
I I O Y PO o e A A 2006.04822
'60 -50 _40 _3OSM_20 _10 1% 10 20 30 IIIIIIIIIlIlII|IIIl|IIII|IIII|III|III|IIII|II
(a, -anp )x 10 -600 -500 -400 -300 -200 -100 O 100 200

a, -ay” [ x 10'11]

— Caution about significance:
statistics-dominated measurement; prediction uncertainty limited by non-Gaussian systematic effects

— Nevertheless, large discrepancy between measurement and reference SM prediction
(to be significantly improved in view of the forthcoming updates of the Fermilab measurement)
— Tension significantly smaller when using BMW20 for the LO HVP (TBC by other lattice groups),
not incompatible with the EW fit (see below)
B. Malaescu (CNRS) Dispersive/lattice HVP fora & o
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Status of a, (@ publication of 2nd Fermilab result

< 500 >

+——
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
L +—eo—
SM: e+e- HVP World Average
T.I. White Paper (2023)

(2020)

New results in tension
with White Paper (2020)

175 180 185 190 195 200 205 210
a,x10° - 1165900
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Comparison of inclusive measurements with pQCD

arXiv:2112.11728

3 ’5
X ' ‘ B Ll h, b ¢ t 4 * +f
LSt T e b ey e ] MY T
2 1
i ® BESIII A Crystal/Ball
= KEDR | ¢ IPLUTO ---pQCD+J/11|) and '
2.5 3 35
s (GeV)

— BES III results to be included: ~tension with pQCD and with KEDR 16
— Another example of “uncertainties on the uncertainties” / systematic effects to be understood at the level of

precision that is claimed

Back
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Comparison of SND measurement with BABAR and KLOE

SND data/ fit | 2004.00263

° 0.1

Le o l
0.05

o l‘i‘{, %ﬁ{iwﬁ +{t
| SRR AR
—0.05_ J"
BABAR/SND ﬁt_ I!'550‘H’600HH650H‘'700HH750|‘‘‘SOOIII|850‘r;"’\/|(;9\;.)0 KLOE/SND ﬁt

1 1 1 I 1 I 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1= 11 1 I 111 | 1 1 1 1 | L1101 | 11 1 | | L1101 | 1 1 11 | | T I
550 600 650 700 750 800 850 900 550 600 650 700 750 800 850 900
Vs, MeV Vs, MeV
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Combination for the e'e” — n'n” channel (DHMZ ’19)

3 _I T X 3 | T T T T rrr | T rrr | T rrr [ T T | UL T 1T
= - - TOF @ KLOE 12
< 10001, oLyA + BESIII ete st
B - = CMD * SND
% goo°*CMD-206 - DM1
a r °CMD-203 ~ CLEO ]
8 I » KLOE 08 - BABAR -
600~ - KLOE 10 Combined ]
400~ —
200:_ A —:
-‘!‘-‘ L1 1 1 | 11 1 I L1 11 I 11 1 1 I 1 1 1 1 I 11 1 1 | L1 1 1 | I_
03 035 04 045 05 055 06 065 07
\s [GeV]
3 700 T | T T T | T T T | T T T T T T | T T T | T T T | T T T | T T I_—
R . * OLYA ° KLOE 12 1
g 600% ee—-m T o CMD « BESIII _:
ks e £ > CMD-203 ° SND ]
% sop ¢ Th +CMD-206 - DM1 .
§ c + KLOE 08 v CLEO ]
= B «KLOE 10 ° BABAR -
Q — -
400: Combined ]
300 —
200 —
100 oo
Bl po o b ypwn by s g o wfay o oo Famgq [Fpoad
0.82 0.84 086 088 09 092 094 0096
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Dispersive/lattice HVP fora & o

Cross section [nb]

1500 El' L Trrir T 11 [ T T rr [ T T ] | P I I ) | TELE | rrrr | | 2 I § "E
1400~ I 1 M fh ete sntr 4
E -y = =
1300:— ; - =
1200 _ at { =
1100p4- I =
1000E-* OLYA ° KLOE 12 =
- o CMD = BESIII 3
900F-° CMD-2 03 © SND —
E « CMD-206 +DM1 3
800+ KLOE 08 ¥ CLEO =
-+ KLOE 10 ° BABAR 3
7005 Combined 3
_I 1 11 | 111 1 | 1 1 1 1 l 1 1 11 [ 1 11 1 ] 1111 | 1111 | 1111 | 111 I—

0.72 073 074 075 0.76 0.77 078 0.79 0.8
\s [GeV]
T T T | T T T ' T T T | T T T | T T T :
70 ater + OLYA ¥ DM2 -
- * CMD-206 ~ CLEO E
3 + DM1 ° BABAR  J
501 Combined —
40 —
30 —
20 =
10 —
:l o xlx ._;u_.—g—'—U—|—8—1—8—«_!_1 =
1 1.6 1.8 2
\s [GeV]
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More on the combination for the ee

Cross section{exp) / Combination - 1

Cross section(exp) / Corrbination - 1

. Malaescu (CNRS)
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"—n'n channel (DHMZ *19)

N T T ¥ T T T T T | T T T T T T T T T T T T — _l T T T T | T T T T | T T T T | T T T T T T T T ]
C : - ete st ]
ok é ok Slope between vatious results E
T I _é ¢ | Further quantified through fits (backup) ]
0.05 i | L\c3 0.05 [H -
el a .
: itk % ]
o T O =
i S s ]
- g :
-0.05 — > o -0.05 T —
- ] 6 ]
C ] O ’
0.1 - - + KLOE 08 ° KLOE12
B ° BABAR Combined ] C » KLOE 10 Combined ]
0!5 I I 0!6 — 0!7 — 0.|8 — 0!9 — 1 0!5 — 0!6 — O.|7 — 0.8 - 0!9 - 1
\s [GeV] ) i \s [GeV]
SEAE SN I Local tension & systematic trends
C DN ] . . “« L ‘01 ?”
0af . Indication of “uncertainties on uncertainties
- 1 (i.e. unaccounted biases)
0.05 =]
o H — , ,
- } 1-——Other experiments not yet precise enough
-0.05 b T — . ..
- : to discriminate
01  CMD206  ° SND - (see however update from SND: ~significant
- | o CMD203 7 Combined 4 tension with KLOE above 720 MeV)
0.5 0.6 0.7 0.8 0.9 1
\s [GeV]
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Combining the e'e” — n'n data: weights and tension (DHMZ *19)

Relative weight in combination

§ 3.2

13} =

& 3

5 281

Q C

®26F

o C

T 2.4 =

22F

2-

1.8
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it 8 --CMD-2 06 1.6
ST 7 v --Other exp— 14F M

N T N 12F
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Improving a, through fits for the e'e — n'n channel (Since 2019)

— Fit bare form-factor using 6 param. model based on analyticity and unitarity
[Fel* = |R(s) x J(s)|*

KS
R(s)=1+ays+ (1611.09359, C. Hanhart et al.)

m2 — s —imyT,

1_MO_)]S_Q -1 5+ (t

51(s0) s\ 1] s s [0, e

J(s) =€~ (1 - —) (1 - —) e tE=s)
50 50 Omnes integral

(hep-ph/0402285, F.J. Yndurain et al.)

cot d1(s) = 2—\25, (m?, —s) [,ni,;n\/— + Bo + Biw(s )]

5 (1102.2183, F.J. Yndurain et al.)
p— \/ 8§ —4mz=

2
V-
W)= Vst Vo —s
— Conservative y* (diagonal matrix) & local rescaling of input uncertainties DHMZ - 1908.00921
— Full propagation of uncertainties & correlations using pseudo-experiments Back

VSo = 1.05 GeV
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Fit parameters, uncertainties and correlations e'e — '

ay K[107%] By By m, [MeV] me [MeV]
av 0.133 + 0.020 0.52 —0.45 —-0.97 0.90 —0.25
K[1074] 21.6:410.5 —-0.33 —0.57 0.64 —0.08
Bo 1.040 + 0.003 0.40 —0.40 0.29
B —0.13 £ 0.11 —0.96 0.20
m, [MeV] 774.540.8 —-0.17
m., [MeV] 782.0 4+ 0.1

— 1« corresponds to a Br (o — n'n’) of (2.09 £ 0.09) - 1072 in agreement with the result
extracted from the fit of arXiv:1810.00007, (1.95 + 0.08) - 1072. Both values disagree with the

PDG average (1.51 £0.12) - 1072, dominated by the result of arXiv:1611.09359 which uses fits to
essentially the same data.

— The fitted ® mass is found to be lower than the PDG average obtained from 3m decays by

(0.65 £ 0.12 £ 0.12,,.) MeV, in agreement with previous fits of the p — @ interference in the 2n
spectrum (see e.g. arXiv:1205.2228 and arXiv:1810.00007).
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Fit performed up to 1 GeV: comparlson with data

E N L | LI | L L L | T T T | L | LBE. L | T 1 T E L T T | T T T | T LI | L | L | L | L ]
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8 0.05[t % 8 0.05 ]
[0] I Q L N
é I % e | il
5 0 5 0 :
£ g £ F
ke} = i S [ WX I’ 3 ! ]
1) C 7 1) C &
2 -0.05— —] 2 -0.05— -]
) C 7 ) C =+ 7
v C ] v C ]
c 01 - < 01 |T &= Fit (all data) -
- o BABAR Z2Fit(all data) —— Fit (withoutKLOE) C — Fit (without BABAR)
C | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 I_ C 1 1 1 | 1 1 1 1 | 1 | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 T
0.3 04 0.5 0.6 0.7 0.8 0.9 1 0.3 04 0.5 0.6 0.7 0.8 0.9 1

\s [GeV] \s [GeV]
— Fit constramed mainly by BABAR and KLOE measurements

T T | LI LI | E J LI | T LI | LI T T | T T T T T T T _ L L T LI T T | LEE | T T | T L T T T T T T T T LI T ]
% E ete st E % E ete >t E
E 0.1:—H_HH — E 0.1— —
£ l z " 1l -
8 0.051 - 2 0.051 ]
(] g ] (] C . L ]
Q Q
= 0 i ] S C b J
5 0 5 0
£ i T ] £ C
@ [ - ™ © C 7
(] 1 = 1 (] B B
2-0.05T ] 2005~ ’ l -
© H . ke - .
£ 40 . £ oqF ’ * CMD-206 .
-0.1__ Y % — _01— - —
0 BESIII B u © CMD-2 03 it (all data) J
- | ¥ CI:LEO | | | | : . | | ’ ISND | | i
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\s [GeV] \s [GeV]
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Fit performed up to 1 GeV, Result used up to 0.6 GeV

0_15IIII|lIlI|IIIl|I|II|IIIIIIIII|IIII

i T ]
© r Combined —— Fit (without KLOE) . .
= 0 == Fit(alldats) —— Fit(without BABAR) ] — Use fit only below 0.6 GeV for a, integral:
= 0.1~ i
s g - where data 1s less precise and scarce
S 0.051 = . . e
s f - less impacted by potential uncertainties
£ r . .
o OEeA of inelastic effects
I :
o -0.05 —

I ee->nm ]

03 04 05 06 07 08 09 1

\s [GeV]
Vs range ayhad [10-10 ayhad [10-10 .
ooy $e U0 The difference 0.2+ 0.9

(72% correlation accounted for)

03-0.6 109.80 +0.37cxp + 0.36paax 1096 + 1.0, — The fit improves the precision by a factor ~2

) Parameter uncertainty corresponds to variations with/without the B term in the phase shift formula and
\/s varied from 1.05 GeV to 1.3 GeV (absolute values summed hnearly) checked to be statistically significant
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Combined results: Fit [<0.6GeV] + Data[0.6-1.8GeV]

— Full uncertainty propagation using the same pseudo-experiments as for the spline-based combination: 62% correlation
among the two contributions

Vs range ayhad [10-10] ayhad [10-10] ayhad [10-10]
[GeV]

threshold - 1.8 506.9 2. 1iotal @ 2 2iotal

— The difference “All but BABAR” and “All but KLOE” = 5.6, to be compared with 1.9 uncertainty with “All data”
- The local error inflation is not sufficient to amplify the uncertainty
- Global tension (normalisation/shape) not previously accounted for
- Potential underestimated uncertainty in at least one of the measurements?
- Other measurements not precise enough to discriminate BABAR / KLOE

— Given the fact we do not know which dataset is problematic, we decide to:
- Add half of the discrepancy (2.8x107'%) as an uncertainty (corrected local PDG inflation to avoid double counting)
- Take (“All but BABAR” + “All but KLOE”) / 2 as central value

Channel g = g Aapaa(my) [1077]

ntm™ 507.85 £ 0.83 £[3.23|% 0.55 34.50 £ 0.06 £|0.20|+£ 0.04

— Potential precision improvement for a_; less important for Ao, (m %), BABAR-KLOE syst. ~16% of total uncertainty
n adVZ
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Comparison with IB-corrected t data
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— Comparing corrections used by Davier et al. with the ones by F. Jegerlehner
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Comparison with IB-corrected t data

— fora , e'e —tdifference of 2.2 ¢

(Davier et al.)

— the p—y mixing correction proposed in
arXiv:1101.2872 (FJ) seems to over-estimate

the e'e” — 1 difference

Isospin Breaking corrections

1.2

0.8

||||lll|||l|lll|||||lll||ll|ll|
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I — Total comrections (Davier et al.)
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Treatment of the KLOE correlation matrices

[ 00 - BN B £ 1
‘B Q0
= 180 S 180
160 160 |
140 Ed 140
120 120
100 100
80
80 N -0.2
<0 0.4
40 40 | F=ae
208 S e - -0.6
20 ¥ 3
|||||| TR B -""."- 0 1 _--1'-—'-‘: @ g ‘0.8
0O 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
KLOE: 08 10 12 nbin KLOE: 08 10 12 nbin

— Statistical and systematic correlation matrices among the 3 measurements
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Treatment of the KLOE data — eigenvector decomposition

L L B LA By B

Systematic cov. mat.
KLOE 08-10-12

eigen values (i)
eigen values (i)
-—

(=]

N

Statistical cov. mat. B

KLOE 08-10-12
10°
102
10"
10:12 .H/.'L.l...l...l PN IR PR I M

A3 Bl Lo Lo Lo Lo b b b b ,
107" 20 40 60 80 100 120 140 160 180 100/10 40 60 80 100 120 140 160 180
i

— “counting” the number of independent components
(50) used to build the covariance matrix

— Problem of negative eigenvalues for previous systematic covariance matrix solved
(informed KLOE collaboration about the problem in summer 2016)
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Treatment of the KLOE data — eigenvector decomposition

2 40:"‘ = 2 40:""""'""""""" =
S 30F = 8 30F =
8 E = 8 = =
5 «f : § :
(R Y| N > e i
?qwcrrpw HTQ L Tt 4 D [ E B = g
105 e 10 l £
20 Statistical cov. mat. = 20 [Systematic cov. mat. =
B0 elgenvectors E WL elgenvectors E
400" ""20""20 6080 100 120 140 160 180 400" ""20""20 6080 100 120 140 160 180
KLOE: 08 10 12 s« KLOE: 08 10 12 b

— Each normalized eigenvector (6.*V ) treated as an uncertainty fully correlated between the bins
— All these uncertainties are independent between each-other

N bins

c=Y o2c(v)
i=1

— Checked exact matching with the original matrices + with all a, integrals and uncertainties
published by KLOE

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o



Treatment of the KLOE data — eigenvector decomposition
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ar—J ]
2 g
4 Statistical cov. mat.: e.v. I
02072060 80 100 120 140 160 180
KLOE: 08 10 12 qbin
— Eigenvectors carry the general features of =
the correlations:
- long-range for systematics
- ~short-range for statistical uncertainties +
correlations between KLOE 08 & 12
KLOE:
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Local comparison of the 3 KLOE measurements

§ 4 :I T T T | T T T T I T T T T | T T T T | T T T T I T T T T ‘ T T T T :
© C 7
Ay - ]
@ 3.5 —]
m = —
U I =
ol C ]
§ = L ]
] C ]
2.5 ]
2 =

:I 1 1 | 1 | 1 1 | | 1 1 1 / ’1 A {\ ﬂ h‘ﬂ :

6.3 0.4 0.5 0.6 0.7 0.8 0.9 1

s [GeV]

— Local y* /ndof test of the local compatibility between KLOE 08 & 10 & 12, taking into account
the correlations: some tensions observed

— Does not probe general trends of the difference between the measurements
(e.g. slopes in the ratio)
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Ratios between measurements

— Compute ratio between pairs of KLOE measurements
— Full propagation of uncertainties and correlations using pseudo-experiments
(agreement with analytical linear uncertainty propagation)

2 1.1_|||| LML I I B 7 c 50
C . o
g 1.08( E c 45
< 1.06F = 40
N 1.04F - 35
L F 7
o 102 | 1Tl il - 30
- C A 1 7
X 1" T ] i - 25
0.985 i “ < 20
0.96;— } —; 15
0.94 = 10
0.92F s 5
09™56 065 0.7 075 08 08 09 095 1 5 10 15 20 25 30 35 40 45 50
\s [GeV] n bin

— Good agreement between KLOE 10 and KLOE 12
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Ratios between measurements
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B. Malaescu (CNRS)

Direct comparison of the 3 KLOE measurements

KLOE 10/ KLOE 08

v*[0.35;0.85] GeV~ : 79.0 / 50(DOF)
p-value= 0.0056

x>[0.35;0.58] GeV~ : 46.2 / 23(DOF)
p-value= 0.0028

%> [0.58;0.85] GeV?: 29.7 / 27(DOF)
p-value= 0.33

¥?[0.64;0.85] GeV? : 20.7 / 21(DOF)
p-value= 0.47

Dispersive/lattice HVP fora & o

— Quantitative comparison between the ratios and unity, taking into account correlations

KLOE 12 /KLOE 08

x*[0.35;0.95] GeV?: 73.7 / 60(DOF)
p-value=0.11

v*[0.35;0.58] GeV? : 21.8 / 23(DOF)
p-value= 0.53

v?[0.35;0.64] GeV? : 27.5 / 29(DOF)
p-value= 0.55

v?[0.64;0.95] GeV? : 39.4 / 31(DOF)
p-value= 0.14

ep » EW fit, o



Quantitative comparisons of the KLOE measurements

— Quantitative comparison between the ratios and unity, taking into account correlations

— Fitting the ratio taking into account correlations
— Full propagation of uncertainties and correlations — 3 methods yielding consistent results:
+10 shifts of each uncertainty, pseudo-experiments and fit uncertainties from Minuit

g T o uncertainty ] Comparison with Unity:
g 18 M Statistcal component - v2[0.35;0.85] GeV?2 : 79.0 / 50(DOF)
< 1.06F E
S i E p-value= 0.0056
8102 E v2[0.35;0.58] GeV?2 : 46.2 / 23(DOF)
< E . p-value= 0.0028

0.98 -

096 3 v [p0 + plvs]: 36.1 / 21(DOF)

0.94 = p-value= 0.02

0.92 - . p0 : 0.745 % 0.085

E

0.9 pl: 0.341 £0.117

06 065 0.7 075 0.8 085 08 095
\s [GeV]
— Significant shift & slope (~2.5-3c) at low Vs, no significant shift at high Vs
Similar shift & slope for KLOE 12 / KLOE 08 (see below)

— Should motivate conservative treatment of uncertainties and correlations in combination

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o

ep » EW fit, O



Direct comparison of the 3 KLOE measurements

— Fitting the ratio taking into account correlations
— Full propagation of uncertainties and correlations — 3 methods yielding consistent results:
+10 shifts of each uncertainty, pseudo-experiments and fit uncertainties from Minuit

& ETTT T e ey B T ety 3
g) 122 -;t;tillstical comp)(;nent E LI9J ::22—_ -;tattilstical ctom;)(’)nent E
- TPTE x 1.00 -
o104 ﬂ E N 1040 I] =
) I i ﬂﬁlﬁﬂ }]ﬂpf{} L G| } }ﬂh ﬂ}] Biifhitig
L TR ]
0.96 l } . BB l | IH | [1 11 E
094 | - b “ | E
092F - 0.94 l -
09706 065 0.7 075 0.8 085 0.9 095 1 0.92¢ o E
\5 [GeVl 09706 065 07 075 08 085 09 095 1
2 p0 + pIvs]: 20.7 / 27(DOF) 2 [p0]: 38.4 / 30(DOF) o fee
p-value= 0.80 p-value= 0.14
p0: 0.876 £0.056 p0: 1.009 £ 0.009

pl: 0.159 £ 0.081
— Significant shift and slope (~20) at low Vs, no significant shift at high /s
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Direct comparison of the 3 KLOE measurements
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Treatment of the combined KLOE data

Correlation matrix S
c
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Combining the 3 KLOE measurements
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Comparison of / consequences for combination methods

Analysis aspect DHMZzZ

Blinding
Binning

Closure test
Additional constraints
Fitting

Integration / interpolation

Uncertainty inflation

Inter-channel correlations
Missing channels

Not necessary (No ad-hoc choices to make)

Fine (< 1 MeV) final binning for average and integrals.
Large (O(100 MeV) or less) common binning @
intermediate step: compare statistics of experiments
coherently for deriving weights in fine bins.

Using model for spectrum: negligible bias.
(since 2009)

Analyticity constraints for 2n channel.

¥> minimisation with correlated uncertainties incorporated
locally (in fine & large bins), for deriving weights.
Full propagation of uncertainties & correlations.

Av. of quadratic splines (3" order polynomial), integral
preservation in bins of measurements.
Analyticity-based function for 2n ( < 0.6 GeV).

Local ¥ uncertainty inflation. (since 2009)
Extra BABAR-KLOE systematic. (since 2019)

Taken into account. (since 2010)

Estimated based on isospin symmetry. (since 1997 - ADH)

— Large DHMZ/KNT differences for the resulting uncertainties,
as well as for the shapes of the combined spectra

KNT

Included for upcoming update

Re-bin data into "clusters". Scans over cluster
configurations for optimisation.

Not performed

None

¥> minimisation with correlated uncertainties
incorporated globally.

Trapezoidal for continuum, quintic for
resonances.

Local ¥ uncertainty inflation.
(adopted since 2017)

Not included.
Adopted in subsequent updates

WP TI DHMZ19
a, P9 %x 10" 694.0(4.0)

KNT19
692.8(2.4)

— CHS approach for 2r and 3n: Analyticity and global * fit (See talk by Peter Stoffer)

B. Malaescu (CNRS)
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au’UI contribution [0.28; 1.8] GeV — spline-based (2018)

— Updated result:

506.70 £ 2.32 (£ 1.01 (stat.) £ 2.08 (syst.) ) [10719]

(after uncertainty enhancement by ~14% caused by the tension between inputs, taken into account
through a local rescaling)

Total uncertainty: 5.9 (2003) — 2.8 (2011) — 2.6 (2017) — 2.3 (2018)

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o
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au’UI contribution [0.28; 1.8] GeV — spline-based (2018)

— with KLOE-08-10-12 (KLOE-KT) used as input: 506.55 + 2.38 [107!9]

(after uncertainty enhancement by 18% caused by the tension between inputs, taken into account
through a local rescaling)

— Compensation between uncertainty reduction for KLOE-08-10-12 (KLOE-KT), inducing a change
of weights in DHMZ combination, and tension enhancement

E)

@
o

—BABAR ]
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CMD2 03
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Relative weight in combination

-
(%3}
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Uncertainties on uncertainties and on correlations

Topic of general interest, in other fields too
1908.00921(DHMZ), 2006.04822(WP Theory Initiative)

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o

ep » EW fit, O


https://inspirehep.net/literature/1747772
https://inspirehep.net/literature/1800513

Two different approaches for combining (e'e”) data

DHMZ:

— x> computed locally (in each fine bin), taking into account correlations between measurements
(see previous slides)

— Used to determine the weights on the measurements in the combination and their level of
agreement

— Uncertainties and correlations propagated using pseudo-experiments or £1c shifts of each
uncertainty component

KNT:
— y* computed globally (for full mass range)
NtOt NtOt
xi=_ > (R - RO, ) (R R KNT (1802.02995)

195 195

X =D (000 (1) = 5%y () C (I, M) (02, () = 604,y ())  KLOE-KMT (1711.03085)

i=1 j=1

— relies on description of correlations on long ranges

— One of the main sources of differences for the uncertainty on a,

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o
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Evaluation of uncertainties and correlations (e'¢e)

B. Malaescu (CNRS)

rsive/lattice HVP for a & o

T I gf_l’ﬁ | F_ | N0, ;\Igﬁ range ( GeV?)|Systematic error (%)
Reconstruction Filter negligible 0.35 < "”éﬁ <0.39 0.6
Background subtraction Tab. | 0.3% 0.39 < “[f‘;fr <0.43 0.5
i 0% 043 < M2, < 0.45 0.4
Pion cluster ID negligible / 0.45 < Mz, <0.49 0.3
Tracking efficiency 0.3% 0.49 < M2, < 0.51 0.2
Tippertticiensy 01% 0.51 < \[’ < 0.64 0.1
Acceptance Tab. 2] 0.2% 0.64 < ‘[) < 0.95
Unfolding Tab. 3] negligible
b e KLOE 08 (0809. 3950)
/s dependence of H | Tab. | 0.2%
Luminosity 0.3% KLOE 1 O (1 00653 1 3)
Experimental systematics | 0.6% e I opare I IR Ad
FSR resummation 0.3% threshold ; p-peak (0.1 -0. 85 GeV?2 )
Radiator function H 0.5% Background Filter 0.5% ;0.1% negligible
Vacuum Polarization 0.1% | 2 0.1% Background subtraction 3.4% ; 0.1% 0.5%
Theory systematics 0.6% oot /')7‘, bkg. 6.5% ; negl. 0.4%
Q cut 1.4% ; negl. 0.2%
Trackmass cut 3.0% ; 0.2% 0.5%
. . . me PID 0.3% ; negl. negligible
— Systematics evaluated in ~wide mass ranges | Trigeer 0.3% ; 0.2% 0-2%
: 141 Acceptance 1.9% ; 0.3% 0.5%
Wlth Sharp transitions Unfolding negl. ; 2.0% negligible
Tracking 0.3%
Software Trigger (L3) 0.1%
Luminosity 0.3%
Experimental syst. 1.0%
FSR treatment - 7% ; negl. 0.8%
Radiator function H - 0.5%
Vacuum Polarization - Ref. [34] [ - 0.1%
Theory syst. 0.9%

QED ?°

EW fit, O




Evaluation of uncertainties and correlations (e'¢e)

Sources 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.9 0.9-1.2 1.2-1.4 1.42.0 2.0-3.0 BABAR (1205.2228)
trigger/ filter 5.3 2.7 1.9 1.0 0.7 0.6 0.4 0.4
tracking 3.8 2.1 2.1 1 | 1.7 3.1 3.1 3.1
1D 10.1 25 6.2 24 4.2 10.1 10.1 10.1
background 3.5 4.3 5.2 1.0 3.0 7.0 12.0  50.0
acceptance 1.6 1.6 1.0 1.0 1.6 1.6 1.6 1.6
kinematic fit (x%) 0.9 0.9 0.3 0.3 0.9 0.9 0.9 0.9
correl pp ID loss 3.0 2.0 3.0 1.3 2.0 3.0 10.0 10.0
7w /pp non-cancel. 2.7 1.4 1.6 B | 1.3 2.7 5.1 5.1
unfolding 1.0 2.7 2.7 1.0 1:3 1.0 1.0 1.0
ISR luminosity 3.4 3.4 34 3.4 3.4 34 3.4 3.4

sum (cross section) 13.8 8.1 10.2 5.0 6.5 13.9 198 524

— Systematics evaluated in ~wide mass ranges with sharp transitions
(statistics limitations when going to narrow ranges)
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Combining the 3 KLOE measurements
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0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

\s [GeV] s [GeV]

Local combination (DHMZ) Information propagated between mass regions,

through shifts of systematics - relying on correlations,
amplitudes and shapes of systematics (KLOE-KT)
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Combining the 3 KLOE measurements - alu’“t contribution

KLOEOS a [ 0.6;0.9]:368.3+3.2[1071]
KLOE]Oa [06 0.9]:365.6+3.3
KLOEI2 a [ 0.6;09]:366.8+2.5
— Correlatlon rnatnx

| 08 | 10 | 12 |

08 | 1 070 0.35
10| 0.70 1 0.19
12] 035 0.19 1

— Amount of independent information provided by each measurement

— KLOE-08-10-12(DHMZ) - a [0 6;0.9] : 366.5 = 2.8 (Without * rescaling: + 2.2)
— Conservative treatment of uncertamtles and correlations (not perfectly known) in weight
determination

— KLOE-08-10-12(KLOE-KT) - au[0.6 : 0.9]GeV : 366.9 £ 2.2 (Includes y* rescaling)

— Assuming perfect knowledge of the correlations to minimize average uncertainty

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o, EW fit, o



¥ definitions and properties

=Y ) [CO], b -t)  CmCET s

i,J

X" (d;t) = min {Z !di — (1 +Y Ba (6?(&))) ti -

a

| [dj ] <1 DS <e;t<5a>>j) tj: ; zajﬁz} ,

— Two y* definitions, with systematic uncertainties included in covariance matrix or treated as fitted
“nuisance parameters”

— Equivalent for symmetric Gaussian uncertainties
(1312.3524 - ATLAS)

— Both approaches assume the knowledge of the amplitude, shape (phase-space dependence) and
correlations of systematic uncertainties
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Example: published uncertainties on correlations

1406.0076 — ATLAS jet energy scale uncertainties

ATLAS ATLAS
Anti-k, R = 0.4, EM+JES, n = 0.50, Data 2011 Anti-k, R = 0.4, EM+JES, n = 0.50, Data 2011

% l;g .5 %. "“IOA c
Y g o 5
Dq¢? 08 Dq¢? =S
- o7 & o s 5
S] o S]
06 1 =01
B 0.5 1 0
0.4
10° 0 107 E
0.2 E
0.1 |
2 2 3 g ° 2 2 3 g O
20 30 10° 2x10 10° 2x10 20 30 10° 2x10 10° 2x10
et j
P [GeV] pft [GeV]
Nominal correlation scenario Weaker - stronger correlation scenarios
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Comparing lattice QCD and data-driven results 1n systematically

improvable ways

2308.04221 (BMW & DMZ)

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o
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https://inspirehep.net/literature/2686312

Lattice «» R-ratio comparison: requirements
C(t) = 5i== [y ds+/sR(s) e Itvs

— R-ratio — lattice: “straightforward” (integrate R-ratio)

— Lattice — R-ratio: inverse Laplace transform (ill-posed problem)

(Former) Status for lattice calculations:

— Very few HVP quantities computed on lattice with:
e All contributions to C(t): flavors, various contractions, QED and SIB corrections
e All limits taken: a—0, L—o0, M_ —>Mn"’,

— None with correlations among lattice HVP observables
— None with uncertainties on these correlations (important for checking stability of inverse problem)

— Want approach that:
Provides useful information with limited lattice input

Can be systematically improved with more lattice input
Can (eventually) incorporate physical constraints

°
°
o
e Includes measure of agreement of lattice & R-ratio results with comparison hypothesis
e Accounts for all correlations in lattice and R-ratio observables ...

°

... iIncluding uncertainties on these

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o
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Lattice covariances: method

— Uncertainties and correlations critical for comparisons

— Use extension of BMW uncertainty method with stat. resampling and syst. histogram, with flat and
Akaike Information Criterion (AIC) weights

— Applicable for observables: {a;} = {aEO-HVP, aﬁ%iEVP, 5<Aa£5a)d), L }
H(AB) = > wa(g, 05 vi) x ws (6, vk, v3°)
¢’,¢,ﬂat, AIC o L
%&ﬁ,wg?C XNz <A, Ba A ((ba ¢gat7 ﬁIC) ) B<¢) ¢%at, %IC) I Cs(tla)t (¢7 wf}lat, iICa Qp%ata %IC))

. AIC ¢,¢ﬂat,,¢]AIC
with w(cb, ¢ﬂat,¢AIC) = > JATC i10(¢,¢ﬂat,¢)AIC)

correlated / independent choices

a H,win

LO-HVP _LO-HVP _LO-HVP LO-HVP
% » Qpwin > Ay +a )

— Build covariance matrix from quantiles of three 1D distributions (a

— Separate stat. & syst. by solving (for A = 2)
C _+C__=C

stat syst

\C_ +C, =C,

stat syst

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o



Lattice covariances: results

— 0 (Aagd) largely uncorrelated with other two observables

contributions (units of 107'%)

— Uncertainties and correlations of a;0VF & alLOVF

L, win

-1.0

2

15 12

_I(UJ_
-14

630 635 640 645 650 53.00 53.25 53.50 53.75 =25 -20 -15 -10
abo —HVP abo —HVP abO —HVP
(connected ud) (connected s) (disconnected)

— Double peak structure due to the variation a " ~** in continuum extrapolation
— Taken into account by considering 16 & 26 quantiles
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Uncertainties on lattice covariances

— Uncertainties on covariance matrix could potentially compromise the inverse problem
— Stat. error on error estimated from bootstrap on only 48 jackknife samples (sufficient for this study)

— Syst. error on error from:
e For: ud, s, QED, SIB connected, and disconnected
— Get uncertainties from 1 or 2 quantiles

— 0 or 100% correlations in a — 0 uncertainties of 7' = a;®™" and W = o007, withC =T — W

__ other (dW)2 + (d0)2 {0’ 1} X (dW)2
Crw = Cpy™ + [{0’ 1} x (dW)? (dW)? ]cont

e Similarly for c

— Result (in units of 1072%):
10.0% _ [30.13(4.88) —0.05(0.03) (20.0% _ | 34.04(16.80) 0.32(0.05)]
lat ™~ 1-0.05(0.03) 1.95(0.47) lat ™| 0.32(0.05) 1.12(0.07)
(110,100% _ 30.13(4.88) 1.56(0.03) (20:100% _ [34.04(16.80) 1.94(0.05)
lat — | 1.56(0.03) 1.95(0.47) lat | 1.94(0.05) 1.12(0.07)

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o, EW fit, o



Consequences of direct lattice / dispersive moments comparison for C(%)

1.2 10 . .
— Ker[a}0-1V?P] x 100 — Ker[al0-HVP|
1Lo; Ker[aL9711V?(0.4fm,1fm)] x 2.5x1012 1 Ker[aL9;HVP (0.4fm,1fm)]
0.8l Ker[8(A24a)(~1GeV?,~10GeV?)] x 4/¢* _ 0,100 Ker[8(A{D40)(~1GeV2,~10GeV?)]/e?
n
& %
E o6 ; ~ O 0.010
= <
ot
§ 0.4} :‘-': 0.001 J
- 4
0.2 10
-5
0.0 0
0 1 2 3 4 5 6 0 1 = & & 2

t[fm] Vs [GeV]
— SD:ID:LD windows

o 10%:33%:57% for a,lLLO'HVP

o  70%:29%:1% for 5@@&)

+ Taking into account the tensions and agreements above:

— Excess in C(¢) for ¢ ~ [0.4, 1.5] fm
— Probably for 72 1.5 fm
— Possible suppression for 7 < 0.4 fm (mainly based on preliminaryd (Aa}(i)d))
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Testing R-ratio: summary of results

Modifications to measured R-ratio that could explain lattice results are:

— Possible in p-peak interval [0.63, 0.92] GeV for 2 & 3 observables
- Requires rescaling of observables in that interval by ~ (5.0 = 1.5)%

— Disfavored in interval below p-peak, [ Vs, 0.63 GeV]

th’

— Possible in [\/sth, \/smax] with \/smax : 0.96 — 3.0GeV that include p-peak, for 2 & 3 observables
- Rescalings ~(4£1)% — (3£1)% for \/Smle /7

— Possible in [\/smin, oo[ with \/smin : 0.63 — 1.8 GeV, for 2 observables
- Rescalings ~(3+1)% — (32+9)% for \/smin /

— Disfavored in [3.0 GeV, oo[, for 2 & 3 observables

had

— Adding § (Aa(5) constraint eliminates the possibility of rescalings in [\/smin, oo[ with \/Smin :0.96 — 3.0
GeV that do not include p-peak

B. Malaescu (CNRS) Dispersive/lattice HVP fora & o
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Entries
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Results - Normalisation < 0.96 GeV;

2 input moment integrals
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Results - Normalisation > 3 GeV;

2 input moment integrals
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Testing R-ratio: results

Number of observables I, [GeV] Lat.cov. 01 = (")/1 — 1) x?/ndof p-value 61 x Aal?) (M2)[1] x 10°*
2 [V/3en,0.63] 0 15.9(5.3)[792% 10.0[722]/1 0.16[F9%% 0.80
2 [v/3w,0.63] 3 17.4(5.7)[9 6]% 17.4[F22]/1  0.003[X5:0591% 0.88
2 [0.63, oo 0 3109)[Fge% 09[fg1]/1  34.6[F35]% 8.49
2 [0.63, oo[ 3 3.2(0.9)[*0 0%  1.3[F51]/1 25.2[*281% 8.71
3 [v/3th,0.63] 0 16. 4(5 H[F02% 10.6[T72]/2  0.49[F0721% 0.83
3 [v/3ts,0.63] 3 17.9(5.8)[*0%% 17.8[*%l]/2  0.013[*5%%]% 0.91
3 [0.63, 00| 0 2507)[F5%1% 3.8[5Ll/2 14.7[F12% 6.68
3 [0.63, oo 3 2.6(0.7)[F0011%  5.3[1o:31/2 70518 % 6.96
2 [v/5¢n,0.96] 0 37D %  28[F53/1 9.3[7251% 1.32
2 [v/3¢h, 0.96] 3 39(.[F0N]%  44[toi]/1 3.5[*10l% 1.39
2 [0.96, 0o[ 0 9.4(2.6)[0011% 0.09[055,]/1  77.0[f12% 22.59
2 [0.96, oo 3 9.5(2.5)[10 83]% 0.12[¥3%11/1  72.9[F12]% 22.75
3 [\/5eh,0.96] 0 38(1L.)[F%e% 3.1[T53]/2 21.775351% 1.36
3 [v/5en,0.96] 3 40(LD)[*0%1%  45[*5d)2 10.7[32% 1.42
3 [0.96, 00| 2 3.5(1.3)[*02]1% 10.9[*%%]/2  0.43[*0301% 8.35
3 [0.96, oo 3 3.7(L3)[F011%  14.1[F15]/2  0.089[F00551% 8.91
2 [V/3tn, 1.1] 0 33(1.0)[F51% 22[F53]/1 13.4[7321% 1.40
2 [v/3em, 1.1] 3 3.4(1.0)[*003%  3.5[10a]/1 6.3[F15]% 1.46
2 [1.1,00] 0 14.1(3.9)[T00a% 0.1[1003]/1  70.9[F15]% 33.01
2 [1.1,00] 3 14.3(3.8)[F0011% 0.2(f502]/1  65.8[11 %1% 33.31
3 [v/3wm, 1.1] 0 34(1.0)[F0% 24[F33/2  30.3[F151% 1.44
3 [v/3em, 1.1] 3 3.5(1.0)[10011%  3.5[103]/2 17.8[*331% 1.49
3 [1.1,00( 2 3.5(1.4)[*03]%  13.0[13 9]/2 0.15[70371% 8.14
3 [1.1,00] 3 3.7(LA[F01%  17.1[F18]/2  0.019[*0 %1% 8.70
2 [V/3tn, 1.8] 0 2.900.8)[F011% 1.7[F53]/1 19.8[7371% 1.63
2 [V, 1.8] 3 3109[9%81% 25[102)/1  11.3[21% 1.69
2 [1.8, 00[ 0 31.89.1)[*9%% 15[*92)/1  214[*34% 70.17
2 [1.8,00] 3 32.9(9.2)[1031%  2.3[153]/1 12.8[1331% 72.62
3 [V, 1.8] 0 3.0(00.9)[F5nzl% L7[Tp3l/2  43.7[F25)% 1.65
3 [/, 1.8] 3 3.1009)[00% 2522 28.6[732% 1.70
3 [1.8,00] 2 3.5(1.7)@9,;3]% 15. 1[+3 "‘]/2 0.052[*9:23%1% 7.79
3 [1.8, 00] 3 3.7(L7)[F05%1%  20.3[F2d]/2 0.0039[+2-59%11% 8.18
2 [/3tn, 3.0] 0 2.8(0.8)[F0 %1%  1.5[F02]/1 22.0[F331% 2.03
2 [v/5m,3.0] 3 2908)[F00]% 2321 1320f13)% 2.10
2 3.0, 00[ 0 70.5(224)[*3%)% 7.8[T14/1  0.51[T0%01% 143.42
2 [3.0, 00] 3 76.9(23.9)[123]% 13.4[11%]/1 0.025[100531% 156.38
3 [\/3eh, 3.0] 0 2.700.8)[F0%1% 1.7[7031/2 43.1[73%% 1.97
3 [/3tn, 3.0] 3 2.8(0.8)[F0 %1%  2.7[+33]/2 26.3[7531% 2.04
3 3.0, 0] 2 4.2(2.4)[To0e]%  16.0[F3; g]/2 0.033[*0-0%4)97 8.59
3 3.0, 00[ 3 4324)[F0%%  21.7[FZ1]/2 0.0020[F5-05151% 8.80
2 [0.63,0.92] 0 48199 1% 1731 19.6[7535]% 1.42
2 [0.63,0.92] 3 4.9(1.4)[*90%% 245[13331/1 11.2[*13]% 1.47
2 [v/3tn, 0.63] U [0.92,00[ 0 6.2(1.8)[F511%  1.6[f53]/1 20.4[7531% 15.33
2 [/, 0.63] U[0.92,00[ 3 6.5(1.8)[F0071%  2.4[102]/1 11.9[*%31% 15.88
3 [0.63,0.92] 0 49(14)[Fgosl%  18[Fgsl/2  40.2[F30% 1.45
3 [0.63,0.92] 3 5.014)[F0%%  26[52)/2  27.9[13Y% 1.50
3 [v/3m, 0.63] U [0.92,00[ 0 3.4(L1)[F01%  9.0[f13]/2 11[F53% 8.30
3 [\/5t5,0.63] U [0.92,00] 3 3.6(L.L)[F008]% 12.4[f13]/2  0.21[1815]% 8.80
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Considering more observables in the data-driven approach

— Enhancement of available information limited by the (anti-)correlations among the moment integrals

Moment integral Correlation coefficients
Aaf? (-10 GeV?) 1
Aal®) (-9 GeV?) 0999 1
Aa® (-8 GeV?)  0.999 0.999 1
Aa?) (-7 GeV?)  0.996 0.998 0.999 1
Aal? (-6 GeV?)  0.993 0.995 0.998 0.999 1
)
)

Acl® (~5 GeV?)  0.986 0.990 0.994 0.997 0.999 1
Aal(i)d( 4 GeV?)  0.976 0.981 0.986 0.991 0.995 0.999 1
al? (=3 GeV?)  0.960 0.966 0.973 0.980 0.986 0.993 0.998 1
A gf;g( 2 GeV?)  0.931 0.939 0.948 0.957 0.967 0.977 0.987 0.996 1

Aal®) (—1 GeV?)  0.874 0.885 0.896 0.909 0.923 0.938 0.955 0.973 0.990 1
apSia’C [0,0.1] fm  0.806 0.791 0.774 0.753 0.728 0.698 0.660 0.611 0.543 0.442 1

,win

a9AVP 10.1,0.4] fm 0.959 0.955 0.949 0.942 0.931 0.916 0.895 0.864 0.813 0.723 0.864 1

,win

a;win P [0.4,0.7] fm 0.876 0.887 0.899 0.912 0.926 0.940 0.954 0.966 0.972 0.958 0.428 0.786 1

apwnVP [0.7,1] fm  0.711 0.726 0.743 0.762 0.784 0.809 0.838 0.873 0.91 0.961 0.206 0.509 0.893 1

a %iaVF [1,1.3] fm  0.604 0.619 0.636 0.656 0.678 0.705 0.738 0.778 0.831 0.901 0.123 0.365 0.775 0.973 1
O-HVP [1.3,1.6] fm 0.553 0.568 0.584 0.604 0.626 0.653 0.686 0.728 0.783 0.861 0.093 0.305 0.710 0.941 0.993 1

EO MVP [1.6,2.6] fm 0.508 0.522 0.537 0.556 0.577 0.604 0.636 0.677 0.733 0.814 0.074 0.260 0.647 0.891 0.963 0.987 1

Wll’l

a#%,ﬂvp [2.6,4] fm  0.419 0.431 0.445 0.461 0.479 0.502 0.530 0.567 0.617 0.694 0.052 0.197 0.523 0.753 0.840 0.885 0.944 1
aiGHVP (4,00 fm  0.312 0.321 0.332 0.344 0.358 0.375 0.397 0.426 0.466 0.528 0.034 0.137 0.381 0.565 0.646 0.698 0.787 0.942 1

W,win

— Employing blinding approach in BMW - DHMZ collaboration: here sharing only uncertainties and
correlations for dispersive result while pending lattice-based calculations of new moments
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Considering more observables in the data-driven approach

— Quantify available information through the distribution of eigenvalues for covariance, correlation and
normalized covariance matrices (complementary information): strong correlations yield small eigenvalues

Moment integral Eigenvalues R R
ap WiV [tmin, tmax] Total uncertainty Covariance Correlation Normalized covariance [CR]Z] / (CLi : CLj )
[0,0.1] fm 818-107" 3.12-107%°  4.85 2.04-1077

[0.1,0.4] fm 3.86-10"'"  3.52-107*'  1.76 8.39-107°

[0.4,0.7] fm 6.43-107*"  6.38-1072% 3.32-107! 1.45-107°

[0.7,1] fm 8.00-107'  1.53-107%* 4.88-107? 2.06-107°

[1,1.3] fm 7.90-107"  877-107%* 4.27-107° 1.87-107"

[1.3,1.6] fm 6.32-107*  4.64-107%° 4.47-107* 1.88-1078

[1.6, o[ fm 1.15-107°  7.89-1072° 1.51-107° 6.34-101°

Moment integral Eigenvalues

ab?;gvp [tmin, tmax] Total uncertainty Covariance Correlation Normalized covariance

[0,0.1] fm 818-107%  2.76-107*°  6.07 2.49-107*

[0.1,0.4] fm 3.86-107'"  3.17-1072"  1.99 9.28 -107°

[0.4,0.7] fm 6.43-10"*  5.11-107%* 6.86-10"" 2.72-107°

[0.7,1] fm 8.00-107*  1.33.107%2 2.29-107! 9.71-10°°

[1,1.3] fm 7.90-107"  1.52-107%% 2.12-1072 8.76 - 107

[1.3,1.6] fm 6.32-107'"  1.20-107* 2.36-1073 9.89-107%

[1.6,2.6] fm 9.32-107*  2.91-107%® 3.90-10~* 1.59-107%

[2.6,4] fm 201-1077  215-107* 343:1077 __ 141:100°  — 2 extra moment integrals add ~1 d.o.f.
[4, o[ fm 2.64-107'%  1.78-1072" 5.83-10"" 2.50 - 107!
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Considering more observables in the data-driven approach

Eigenvalues R R

Moment integral Total uncertainty Covariance Correlation Normalized covariance [CR]’L j / (CLi - a j )
Aal®) (—10 GeV?) 4.80-107° 1.48-10°8 14.74 5.21-1074
Aa®) (-9 GeV?) 4.64-107° 2.17-10~10 3.26 1.34-1074
Aol (-8 GeV?) 4.48.107° 4.09-1072  7.36-10" 2.92-107°
Aal®) (=7 GeV?) 4.29.107° 1.94-107* 240-107" 1.02-107°
Aal®) (-6 GeV?) 4.09-107° 2.22-10716  2.16-1072 8.90-10~7
Aal) (-5 GeV?) 3.85-1075  3.40-107'% 2.45.1073 1.02.10-7
Aal®) (-4 GeV?) 3.57-107° 1.99-1072°  4.17-1074 1.68-1078
Aaua(~3 GeV?) AZ8=107 0271070 BORIOT 159:107° . — 10 extra moment integrals, but no additional
A gzg 2 GeV?) 2.78+ 1078 1.40-1072% 2.33.10°¢ 8.94-10711 |

o) (=1 GeV?) 2.07-107° 7.03-1072°  1.15-1077 4.78 10712 lndependent d.o.f.
aLfa;f,{VP [0,0.1] fm 8.18 10712 1.47-1072% 3.46-1071° 1.22-107 4
QporaVP 0.1,0.4] fm  3.86-107"! 7.96-10"%® 3.76-107'3 1.19-107Y7
a QVEVP [0.4,0.7) fm  6.43-10"*! 1.66-1072% 2.28.1071'3 7.40-10718
af%f;“’ [0.7,1] fm 8.00- 10711 4.50-1073° 9.74.10714 3.10-10718
aﬁ%f;{VP [1,1.3] fm 7.90-10"1 5.25-1073%1 3.07-1074 9.72.1071°
aufz;ﬁvp [1.3,1.6] fm  6.32-10"*! 857-1073%2 1.40-1074 4.38-1071°
apwiVP [1.6,2.6] fm  9.32-107'"  —4.56-107%7 —2.24.107* —7.06-1071°
apora T [2.6,4] fm 2.01-107* —2.01-1072 —3.79.107 % -1.19-10718
arwiVP [4,00[ fm 2.64-1072  —-1.12-107%2 —1.22.10713 —3.83-107'8

W, win
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Detailed conclusions for lattice / dispersive comparisons

— Presented flexible method for comparing lattice QCD and data-driven HVP results

— Find that discrepancies/agreements between lattice and data-driven results for

LO-HVP _LO-HVP (5)
a’u 7a’,u,win ’ 5(Aahad)

On lattice side, result from:
- a C(t) that 1s enhanced in ¢ ~ [0.4, 1.5] fm
- also probably for 2 1.5 fm
- with possible suppression for ¢ < 0.4 fm (mainly based on preliminary§ (Aa}(i)d))

On data-driven side, could be explained by:
- enhancing measured R-ratio around p-peak
- or in any larger interval including p-peak

— Lattice and measured R-ratio correlations of uncertainties critical for drawing such conclusions
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Detailed conclusions for lattice / dispersive comparisons

— Important to check that uncertainties on uncertainties and correlations do not spoil picture, especially
for inverse problem
- checked here for lattice stat and syst uncertainties
- must do so for measured R-ratio uncertainties
— Also important not to share results between 2 approaches before they are final (mutual blinding)
— With more HVP observables, many generalizations possible, also including physics-driven constraints

— However, limit on independent HVP observables in data-driven and lattice approaches

— Same methods can be used to combine determinations of lattice and data-driven results for HVP
observables, once differences are understood

— No problems with EW fits in case of 3-observable comparisons (not shown)
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Some references to related work on HVP

— Windows proposed in RBC/UKQCD arXiv:1801.07224
— Discussed in context of detailed comparison in Colangelo et al arXiv:2205.12963

— Consequences of rescaling of measured R-ratio studied in Crivellin et al arXiv:2003.04886, Keshavarzi
et al arXiv:2006.12666, de Rafael arXiv:2006.13880, Malaescu et al arXiv:2008.08107

— Consequences of lattice Aab‘o'HVP ont'n contributions to R-ratio with physical constraints in
Colangelo et al arXiv:2010.07943

— Use of Backus-Gilbert method for reconstruction of smeared R-ratio from lattice C(t) in Hansen et al
arxXiv:1903.06476, Alexandrou et al arXiv:2212.08467

— Proposal for comparing measured R-ratio and lattice C(t) via spectral-width sumrules in Boito et al
arXiv:2210.13677

... (many other references for reconstructing spectral functions from lattice correlators)
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o on the EW fit

Impact of correlations between a, and o

QE
: HVP from:
2008.08107(BM, Matthias Schott) o S 4 L LA
BMW20 8=
ETM18/19 | ° |
Mainz/CLS19 —7T® l
o FHM19 : ] :
See also: Crivellin et al, 2003.04886; PACS19 : ® |
Keshavarzi et al., 2006.12666 ;de Rafael, it W = e
2006.13880; Colangelo et al, 2010.07943 RBC/UKQCD -
data/lattice A §
BDJ19 i £
J17 i T S
S B §| |...notusedin WP20_ __
DHMZ19 i 8
KNT19 - §
WP20 -
AT TN NS N [ O AT A I A T AT
60 50 -40 -30 -20 10 0 10 20 30
(a"-a™) x 10" Back
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https://inspirehep.net/literature/1812325

Approaches considered for treating the a, - o

Studied approaches probing different hypotheses concerning the possible source(s) of the a, tension(s) :

OED correlations

(0) Scaling factor applied to the HVP contribution from some energy range of the hadronic spectrum

— Approaches taking into account (for the first time) the full correlations between the uncertainties of the HVP
contributions to a, and CLoyppy » based on input from DHMZ 19 (arXiv:1908.00921):

correlations between points/bins of a measurement in a given channel, between different measurements in the same channel,
between different channels; full treatment of the BABAR-KLOE tension in the n'n” channel

Computation (Energy range) afvp’ LO 110719 | Aanaa(MZ) [1074] P
Phenomenology (Full HVP) 694.0 £ 4.0 275.3+ 1.0 44%
Phenomenology ([Th.; 1.8 GeV]) 635.5 + 3.9 55.4 £ 0.4 86%
Phenomenology ([Th.;1GeV]) 539.8 £ 3.8 36.3£0.3 99.5%
Lattice (Full HVP)BMW 20 (v1)|  712.4+4.5 ; _

(1) Cov. matrix of a and o, (Pheno) described by a nuisance parameter (NP, ) impacting both quantities (used to shift a
to some “target” value - cohel.rent shift applied to aQED) and.another one (NP,) impapting only %ok (used in the EW fit)
Note: “target” values chosen in order to reach agreement with the BMW 20 prediction / Experimental a, (xlo)

Uncertainty components aEVP’ Le Aahad(Mg)
NP, o(a;"" ) o(Aanaa(M3)) - p
NP, 0 o(Aanaa(M32)) - /1 — p?

(2) Include the HVP contribution to a, as extra parameter in the EW fit, constrained by the Pheno & BMW 20 values
Note: Also accounted for the coherent impact of o, on the HVP contribution and on the EW fit
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Results: comparing the Phenomenology & BMW 20 values

af}vp’ LO shift Approach 0 Approach 1
(Energy range) Scaling factor I A'ahad(]w%) Shift NP, I (Aahdd A[Z | A’ ahdd(A[Z) N;f
HVP, LO HVP, LO —
e, — e IO 1.027 0.02826 4.6 9.0-10 0.02774
(Full HVP)
(@F {ittion) — 10) — G (proacy 1.020 0.02808 3.5 9.0-107° 0.02769
(Full HVP)
HVP, LO HVP, LO —
T R L 1.029 0.02769 47 9.5-107° 0.02768
([Th.; 1.8 GeV])
(@ {rntrice) = 10) = @) Brnc) 1.022 0.02765 815 9.5-107° 0.02764
([Th.; 1.8 GeV])
HVP, LO HVP, LO
a;l (Lattice) ap, (Pheno) 1.034 0.02765 - - -
([Th.; 1 GeV))
HVP, LO HVP, LO
(altneo —10) — all o o 1.026 0.02762 - = =
([Th.; 1 GeV)) o
— Large scaling factors (w.r.t. exp. uncertainties) & significant shifts of NP, <
aEVP’ LO ihist Nominal Approach 0 Approach 1 Approach 2
(Energy range) Alahad(lwz ) Xz/ndf Alah.dd(I\Jz ) X2 /ndf A/ahad(l\/lz ) X2/lldf Aluhad(Alz ) X2/udf
0.02753 18.6/16 0.027530 28117 )
(p=0.29) ! (p=0.04) 1
LHVP, LO HVP, LO 2(BMW20-Ph: |
&, (Lottice) — *p (Pheno) 0.02826 27.6/16 0.02774 20.3/16 ‘)E(___\Y_O__Enf)_?g
(Full HVP) (p=0.04) (p=0.21)
HVP, LO _ _HVP, LO
% (Laceiod] ~ " (Prenc) 0.02769 19.9/16 0.02768 19.8/16
([Th.; 1.8 GeV]) (p=0.22) (p=0.23)
_HVP,LO _ _HVP, LO
% (Lattice) ~ “u (Pheno) - 002765 Lo Ee - -
([Th.; 1.0 GeV]) (p=0.24)

— Addressing the BMW 20 - Pheno difference for a has little impact on the EW fit,

except for the unrealistic scenario rescaling the full

VP contribution

Indirect Determination of M,
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T

Measurement
— EWK Fit (nominal)
= EWKFit (Approach 0)
Il EWK Fit (Approach 1)
B EWK Fit (Approach 2)
(Full HVP)

80 100

Indirect Determination of A“nad(M )

|
120

HVP,LO HVPLO
, Latice ~ @y, Pheno (Partial HVP

'—'éWKﬁt'(ﬁﬂﬁ'H[g’g’s’) """""
B EWK Fit (without Higgs) |
B WK Fit (Future)

==+ Nominal Value '
Approach 0 [Th. 1.8GeV]
Approach 1[Th.,1.8GeV]
I Approach 0 [Th.1.0GeV] }

0.027

0.0275

Note: Similar conclusions for the comparison with the Experimental a, value (see next slides)

|
0.028 0. 0285

had(MZ)
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Scaling factors and NP shifts

azlvp, LO shift Approach 0 Approach 1
(Energy range) Scaling factor ‘ A’ apaa (M%) || Shift NPy ‘ o’ (Aahad(l\lﬁ)) ‘ A apaa (M%)
B G neg — T (orens) 1.027 0.02826 4.6 9.0-107° 0.02774
(Full HVP)
(0 itony — 10) — @ ey 1.020 0.02808 = 9.0-107° 0.02769
(Full HVP)
O (rattioe) — By (Bhaonc) 1.029 0.02769 4.7 9.5-107° 0.02768
([Th.; 1.8 GeV])
(@] Vitticn) — 10) — @ (proney 1.022 0.02765 3.5 9.5-107° 0.02764
([Th.; 1.8 GeV))
&1 ion] ™ BTt enc) 1.034 0.02765 - - -
([Th.; 1 GeV])
(0] ey — 1) = O (Bhensy 1.026 0.02762 - - -
([Th.; 1 GeV])
aBxP _ SM (Pheno) 1.037 0.02856 6.6 9.0-1075 0.02782
(Full HVP)
(a5 — 10) — ap™ (Phen) 1.028 0.02831 5.0 9.0-107° 0.02775
(Full HVP)
aExP _ gSM (Pheno) 1.041 0.02776 6.6 9.5-107° 0.02774
(|Th.; 1.8 GeV))
(a5 —10) — ap™ (PR 1.031 0.02770 5.0 9.5.107° 0.02769
([Th.; 1.8 GeV))
gbme. gt B0 1.048 0.02771 - - -
([Th.; 1 GeV])
(a5 —10) — ap™t (Pher) 1.036 0.02766 » . 5
([Th.; 1 GeV])

— Large scaling factors (w.r.t. uncertainties) & significant shifts of NP,
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EW fit inputs and y* results

LEP/LHC/Tevatron
Mz [GeV] 91.188 + 0.002 RY 0.1721 + 0.003 Mpy [GeV] 125.09 £0.15
o0, [nb] 41.54 £ 0.037 R 0.21629 & 0.00066 My [GeV]  80.380 + 0.013
I'z [GeV] 2.495 £+ 0.002 A 0.67 £0.027 m [GeV] 172.9 £ 0.5
A, (SLD) 0.1513 + 0.00207 A, (LEP) 0.1465 £ 0.0033  sin? 0l 0.2314 + 0.00023
Abp 0.0171 £ 0.001 me [GeV] 1.271597 Gev After HL-LHC
e 0.0707 + 0.0035 my [GeV] 4.2010% Gev Mw [GeV]  80.380 & 0.008
Ay 0.0992 + 0.0016 as(Mz) 0.1198 £ 0.003 sin? OLg 0.2314 £ 0.00012
RY 20.767 + 0.025 Aa® (M2) [107°] 2760 £+ 9 m: [GeV]  172.9+0.3
aﬁvp’ LO shift Nominal Approach O Approach 1 Approach 2
(Energy range) A/ahad(l\l2 ) X2/ndf A,ahad(MQ ) X2/ndf A/cxhad(l\42 ) X2/ndf A/ahad(l\/[2 ) x2/ndf
0.02753 18.6/16 0.02753 [ 28.1/17 1
(p=0.29) | (p=0.04) 1
HVP, LO _ HVP, LO » - 0.02826 27.6/16 0.02774 20.3/16 - [¢(BMW20-Pheno): 9.3,
p (Lattice) 7 5 2V Y 1 (e e [ e N
(Full HVP) (p=0.04) (p=0.21)
HVP, LO _ ;HV.P, LO 0.02769 19.9/16 0.02768 19.8/16
p (Lattice) p (Pheno)
([Th.; 1.8 GeV]) (p=0.22) (p=0.23)
gl Ve, LO _ HVE, LO 0.02765 19.6/16
n (Lattice) p (Pheno)
([Th.; 1.0 GeV]) (p=0.24)
aE"p = aiM (Pheno) 0.02856 33.6/16 0.02782 21.2/16
(Full HVP) (p=0.01) (P=0810)
aEXp - uiM (Pheno) 0.02776 20.6/16 0.02774 20.4/16
([Th.; 1.8 GeV]) (p=0.19) (p=0.20)
af P — aiM (Pheno) 0.02771 20.1/16
([Th.; 1.0 GeV]) (p=0.22)
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Indirect Determination of M,

EW fit results: y* scans

Indirect Determination of

o o 10 T ~ o 10 —
x - Measurement x E =
< O -=—— EWK Fit-(nominal) < o —
E B EWK Fit (Approach 0) = ]
8 :_ - EWK Fit (Approach 1) 8 :_ —:
- I EWK Fit (Approach 2) 7E =
B (Full HVP) I 3
6F : 6 -
55 E 55 E
oo fo SR — . =
3 R é 3 ; Measurement é
3 F == EWK Fit (hominal) 3
2 = 25 B Ewk Fit (Approach 0) =
12 R X, W D, i S A FEOE— = 1 M EWK Fit (Approach 1) \\ - =
: 3 F B Ewk Fit(Approach 2) \ : E

80 100 120 140 80.3 80.32 80.34 80.36 80.38 80.4
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10 Indirect Determination of sin?,0 10 Indirect Determination of

NX - Measurelnent = NX b Measurement ]
< 9= EWKFit (nominal) = < 9F = EWKFit(nominal) =
E B EWK Fit (Approach 0) = F B8 EWK Fit (Approach =
8 F Il EWK Fit (Approach 1) = 8 F~ I EWK Fit (Approach 1 =
7 F_ BB EWK Fit (Approach 2) = 7 F_ BB EWK Fit (Approach 2) =
= (Full HVP) 3 E (Full HVP) 3
6 - 6 -
55 < 55 =
| || I
3F - 3 =
2f = 2f =
1 = 1 E
= | | 5 E | =

0.231 0.2312 0.2314 0.2316 0.2318 5 160 170 190
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EW fit results: parameter scans for varying Aa, d(MZZ)

. . . HVP,LO
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EW fit results:
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