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Content of the talk

Introduction: the (g—2)M experiment & theoretical prediction
Data on e'e” — hadrons

Combination of all e"e” data:

focus on the combination procedure

(HVPTools and fit based on analyticity & unitarity)

Indications of uncertainties on uncertainties and on correlations & their
implications for combinations

Results on aH

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

QE
Conclusions
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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

" PRD 103, 072002 (2021)
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a PP(BNL): (11 659 208.9 6.3) 1070

— 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.

- first publication: similar precision & good agreement with BNL (7th of April 2021) PRL 126, 141801 (2021)

aMEXp(Fermﬂab): (11 659 204.0 £5.1 £1.8) 1071° - so far only 6% of the total data
a“EXP(Fermilab +BNL): (11 659 206.1 =4.1) 10719 (0.35 ppm) — One of the most precise quantities ever measured

— Initiative for a measurement using slow muons (KEK, Japan)
implications for the EW fit
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Theoretical prediction

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

AA A

Q Many other diagrams at higher orders...

A s

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: ¢“(s)=o(s)(a/a(s))’ i

0 P _=
127 Il (s) = o [e’e” — hadrons (¥ )]

o)
| i
Im|[ /\I@N ] = | NVV\C hadrons |?

= R(s)

— ~K(s)/s for (g—Z)u

0.03 -} )
I ~ 1/(s(s=M")) for o,

oM ]

002 %

Arbitrary Units

Dispersion relation |
Bouchiat and Michel, 1961 ol . e —
0 0.5 1 1.5 2

— Precise o(e'e” - hadrons) measurements at low energy are very important

— Do not use hadronic t decays data anymore (less precise + theory uncertainties)
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data/QED

Absolute u'u cross s

Cross section [nb]

BaBar results (arXiv:0908.3589, PRL 103, 231801 (2009); arXiv:1205.2228(PRD)
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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
( I’ motivation for using DHMZ result as “baseline” in the TI White Paper)
- 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)

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

— In each fine bin: minimize y? and get average coefficients
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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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Combination for the e'e” — n'n~ channel
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Procedure and software (HVPTools) for combining cross section data with arbitrary point spacing/binning
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Combination for the e'e” — n'n~ channel
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Combination for the e'e” — n'n~ channel
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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 the
correlations

— Scale uncertainties in bins where y*> /ndof > 1 (PDG): locally conservative
— Observed tension between BABAR and KLOE measurements
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(&) .

"3 3 ete—=n'n T

= 2.8 - ,

§ 26 #H  — Tension between measurements:

o

524 indication of underestimated uncertainties
22 g

Motivates conservative uncertainty treatment
IE in combination fit (evaluation of weights)

Il

—rE s
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— Included extra (dominant) uncertainty: difference between integrals without either BABAR or
KLOE measurement to account for systematic deviations

( 2" motivation for using DHMZ result as “baseline” in White Paper)
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Improving a  through fits for the e'e” — m'n channel

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

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

m2 — s —imyT,

1_MO_) 50 -1 s
J(s) — el— 81(s0) (1_ i)[ " ] (1_ i) ef’ 0 dttf%%

50 S0 Omnes integral
(hep-ph/0402285, F.J. Yndurain et al.)

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

P \/8 —4m2 (1102.2183, F.J. Yndurain et al.)

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

VSo = 1.05 GeV
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Fit performed up to 1 GeV: comparison with data
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Fit performed up to 1 GeV, Result used up to 0.6 GeV
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S 0.051 = . . e
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\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 . ‘U 2 2¢otal

— The difference “All but BABAR” and “All but KLOE” =

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 (2.8) as an additional uncertainty

(correcting the local PDG inflation to avoid double counting)
- Take (““All but BABAR” + “All but KLOE”) / 2 as central value
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Uncertainties on uncertainties and on correlations

Topic of general interest, in other fields too (see backup)
1908.00921(DHMZ), 2006.04822(WP Theory Initiative)
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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,
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Evaluation of uncertainties and correlations (e'¢e)

B. Malaescu (CNRS)

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%




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

— T T ] Fl 7| T T T ‘ T T T T ‘ T T T T ‘ T T T T ™
L E E ) - KLOE-08-10-12(DHMZ) 3
S 0.15F 5 o = @ 01503 + KLOE-08-10-12(KLOE - KT) E
S| = e'e—n'n = ] - =
5 o1 = z 01 -
o F m : E»—u—; E
(D) & _ Q. 0.05 | [*& —
S o0sf : 3 - ikl WHM %j. % a -
o - I - ' I TR S G DY
5 Of ] s ©F H JHHHT %‘F%h!ﬁ %2*?’#% e o
c B =3 (8] C =
2-0.05 [ — $-0.05 — =
(&) = oy 72] E .
? 0.1 B = g 015 E
© F ] [&] - 7
5 F + KLOEO8 = KLOE12 = dast 3
©-0.15¢ . KLOE10 ~ KLOE-08-10-12(DHMZ) G181, ]
E v e e b e e e e e b Ly Cov v Lo v b v v b v v b v b bw i

0.3 0.4 0.5 0.6 0.7 0.8 0.9 03 04 05 06 07 08 09 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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B. Malaescu (CNRS) Dispersive HVP fora & a

Combining the 3 KLOE measurements - au’Ut contribution

KLOEO8 au[ 0.6;0.9]:368.3+3.2[1071]
KLOE10 au[ 0.6;09]:365.6+3.3
KLOEI12 au[ 0.6;09]:366.8+2.5
— Correlation matrix:

| 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) - au[0.6 :0.9] : 366.5 £ 2.8 (Without y* rescaling: = 2.2)
— Conservative treatment of uncertainties and correlations (not perfectly known) in weight
determination

— KLOE-08-10-12(KLOE-KT) - a”[0.6 : 0.9]GeV : 366.9 £ 2.2 (Includes ¥’ rescaling)

— Assuming perfect knowledge of the correlations to minimize average uncertainty

o » Implications for the EW fit
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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; 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

B. Malaescu (CNRS) Dispersive HVP fora & o
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Combination of measurements for various channels

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

Cross section [nb]

B. Malaescu (CNRS)
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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” >KK=r and KK2x channels
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Contributions from the 1.8 — 3.7 GeV region

—_

T ] T T T | T T T | T T T | LI [ L | T T T | T T T | L

n — 7
s 3-45_ ete—Hadrons <KEDR16 = BES02 T
3.2 > KEDR 17 » BES06 —
33_ > BES 99 " BES09

. Combined [ QCD 3
2.8:— =
26 E
24F | + l )L % —
: D il ntihinidsinit. btk
T Tt Ll rwr Yl

2 ]
1.8;— —
1.6:_III| I|II IIlIIIlI —:
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\s [GeV]

— 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
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Contributions from the charm resonance region

Cross section [nb]
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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~

ntr—2x°
2727770 (n excl.)
=370 (n excl.)
3wt 3w

2nt 277 27° (1 excl.)
7wt~ 4n° (n excl., isospin)
177r+7r7

nw

nmta~7%(non-w, ¢)

n2nt 2

wnr®

wr® (w — 7%)

w2r (w — 7%)

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

KTK

KsKr

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

KK2rn

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
.50 £ 0.06 &= 0.20 £ 0.04
4.60 3= 0.04 &= 0.11 £ 0.08
.58 0.01.4%:0.07 = 0.03
4.45 4+ 0.02 = 0.12 £+ 0.07
.21 4+ 0.01 +0.02 #+ 0.01
.15+ 0.01 £ 0.03 &= 0.00
.04 £ 0.00 %= 0.00 = 0.00
.25+ 0.02 = 0.02 £ 0.05
.03 4= 0.00 %= 0.03 £ 0.00
.35+ 0.01 &= 0.01 &= 0.01
.11 = 0.00 £ 0.01 &= 0.00
.12 4+0.01 =2 0.01 £ 0.01
.01 &= 0.00 £ 0.00 == 0.00
.02 4= 0.00 %= 0.00 =£= 0.00
.20 £ 0.00 &= 0.01 £ 0.00
.02 4= 0.00 =% 0.00 =% 0.00
.00 &= 0.00 £ 0.00 %= 0.00
.35 4+ 0.03 £ 0.05 &= 0.03
.74 £+ 0.01 = 0.03 £ 0.02
.01 = 0.00 £ 0.00 &= 0.00
).78 £ 0.02 &= 0.03 £ 0.02
).30 £ 0.01 4= 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

3

hS

w

COOHWOOOOOO0O0O0O0O0O0O0D0

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
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— 32 exclusive channels are
integrated up to 1.8 GeV

— Only 0.016 £ 0.016%
in missing (estimated)
channels for a,
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o Hadrons

Davier-Hoecker-Malaescu-Zhang, 2019

e+

@ 6 B T T T T T T T | T T T T I : T T T E T | T T T T | T I_
o ~ ol lo o Jhp: - y(28): = - .1
B ! : 7 %
5 ¥ 4040 ] 9 18 —0.8
B i - 2 16
L :‘X‘ 4160 " _ . —10.6
- 1 %377 i _ ] =
e : A ] 12 04
— E l W~ : 1 - —10.2
3 V — . ik ¢
L i 0.6 o 0.2
B i 04 / o4
21— — 04 06 08 1 12 14 16 18 2
= B= e'e — hadronsdata \s [GeV]
— (HVPTools compilation) ]
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— Performed non-trivial check:
a, from sum of individual channels and from Ree integral < 1.8 GeV
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Theory 1itiative: prepare the Standard Model prediction for (g-2)lLl

SRCOMINE WORKIHORS Put together in a coherent & conservative way the

Fourth Plenary Workshop of the Muon g-2 Theory Initiative results Of VEII‘lOllS groups, before the Fel’n’leab ’,.esuht

https://www-conf.kek.jp/muong-2theory/
A virtual workshop hosted by KEK (Tsukuba, Japan), to be held from 28 June - 02 July 2021.

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

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. Whlte Paper: arXIV:2006 .04822 (Phys . Rept.)

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) Dispersive HVP fora & o

orp » implications for the EW fit



Theory 1nitiative white paper: executive summary

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 (e*e) Sec.2.3.8 Eq.(2.34) -98.3(7) Ref. [7]

HVP NNLO (¢*e™) Sec.2.3.8 Egq. (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. 494 Eq.(4.92) 92(19) Refs. [18-30]
HLbL NLO (phenomenology) Sec. 4.8 Eq. (4.91) 2(1) Ref. [31]

HLDbL (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 (¢fe”, 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, := a,” — a)™ Sec. 8 Eq. (8.14) 279(76)

— Dominant uncertainty: HVP LO — Based on merging of model-independent methods
— HLbL also has an important uncertainty
— Lattice results become more and more interesting (see next talk)

— A tension between the BNL measurement and SM prediction: ~ 3.7 6
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Status of a,

Important to account for BABAR-KLOE diff- &

inter-channel correlations

II\\I
DHMZ 2019

—e—
-243 + 43 (4.10)
1908.00921, updated with
WP 2020 LBL value

KNT 2019 —e—i

-252 + 29 (5.00)
1911.00367, updated with
WP 2020 LBL value

Conservative Merging (White Paper)

WP 2020 e

-251+43 (4.20)
Muon g-2 Theory White Paper,
2006.04822

IIIIIIIIIlIlII|IIII|IIII|IIII|II

Fermilab '21
+ BNL
0=+41

BNL g-2 } O
FNAL g-2 +4 O
< 4.20 >
_._ -{—.—i—
Standard Model Experiment
Average

-600 -500 -400 -300 -200 -100

— Caution about significance:

|
0 100 200

a, -ay” [ x 10'11]

- statistics-dominated measurement
- prediction uncertainty limited by non-Gaussian systematic effects

175

T

180 185 19.0 195 200 205 21.0
9
au><10 -1165900

— Nevertheless, large discrepancy between measurement and SM
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o on the EW fit

Impact of correlations between a, and o

QE
. HVP from:
2008.08107(BM, Matthias Schott) Qoo 1 T T T T T T
BMW20 ( See next talk) H—@—
ETM18/19 © |
Mainz/CLS19 N 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 P E
data/lattice g
BDJ19 i £
J17 i T 5
S B §| |...notusedin WP20_ __
DHMZ19 i 3
KNT19 - §
WP20 -
IS T IS Y ST TN (N A S Y T BRI
60 50 -40 -30 -20 10 0 10 20 30
(ajM_ exp ) 1010
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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.; 1 GeV]) 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(Aomaa(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

B. Malaescu (CNRS) Dispersive HVP fora & o
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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’ omaa(M2) || Shift NP I o’ (Aahad(l\lﬁ)) I A opaa(M3) N;f
HVP, LO HVP, LO —5
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) /,1, (Pheno) 1.034 0.02765 - - -
([Th.; 1 GeV))
HVP, LO HVP, LO
(At —10) — allpn ) 1.026 0.02762 = = 2
([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(MZ ) X2/lldf Alah.dd(I\Jz ) X2 /ndf A/ahad(l\/lz ) X2/lldf Aluhad(lwz ) X2/udf
0.02753 18.6/16 0.027530 28117 )
(p=0.29) ! (p=0.04) :
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,

= N W A OO N o © O
T

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

100

Indirect Determination of A“nad(M )

|
120

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

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] }

|
0.028 0. 0285

had(MZ)
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Conclusion

We have an interesting, long standing, multifaceted problem to solve...

BNL g-2 } O

FNAL g-2 + O

297
< 4.20 > e

—— +——+
Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
9
a,x 10" - 1165900
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Backup
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Lepton Magnetic Anomaly: from Dirac to QED

Dirac (1928) g=2 a=0

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

and explained by O(a) QED contribution:
Schwinger (1948) a_=0/2n=1.16107

first tritumph of QED

= a_sensitive to quantum fluctuations of fields

B. Malaescu (CNRS) Dispersive HVP fora & a
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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 S X Xt

- a much more sensitive to high scales Y x0 X

B. Malaescu (CNRS) Dispersive HVP fora & o
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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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eigen values (i)

B. Malaescu (CNRS) Dispersive HVP fora & o

Treatment of the KLOE data — eigenvector decomposition

L L B LA By B

Systematic cov. mat.
KLOE 08-10-12

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)

implications for the EW fit
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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 (0.*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
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Treatment of the KLOE data — eigenvector decomposition

S
o

2 M ] 2 EFm s R =
c - . = c =
g ac 7] £ 30- =
g | ] g of E
5 oL | = 205_ 3
. ! 10F E
o : o S —

- i 10 -

2F - - E

C ] 20 e

4 Statistical cov. mat.: e.v. 1 ] 30 Systematic cov. mat.: e.v. 1
02072060 80 100 120 140 160 180 40030720 6080 100 120 140 160 180

KLOE 08 ]0 12 n bin n bin

LN L B B

Uncertainty
w H
o o

N
o

— Eigenvectors carry the general features of

the correlations: mw
- long-range for systematics °F E
- ~short-range for statistical uncertainties + '105 E
correlations between KLOE 08 & 12 208 . E
30E Systematic cov. mat.: e.v. 2

“40g ~"30""20 60 80 100 120 140 160 180

KLOE: 08 10 12 nbin
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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 ¥ /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)

B. Malaescu (CNRS) Dispersive HVP fora & o

ep » iImplications for the EW fit



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_|I|| TTTT LI I||||||| ] .E 50
C ] o
g 1.08:— E c 45
< 1.06F = 40
N 1.04F = 35
L F ]
o 102 | 1Tl il - 30
- C A T 7
e 1" i - 25
0.985 i “ < 20
0.96F } = 15
0.94 = 10
0.92F = 5
09™ 06065 0.7 075 08 085 09 0% 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

0 1.1_Ill\‘l\\llr\!l‘\II\‘II\\'I\\I[!!II‘\II\'I!\\_ © 1‘1_|\\||\v||‘\||\|||\\||\||[\v|\‘\|\\||x\||\\||_
T 1 08k E R E
< 1.06 = < 1.06 -
© 1.04F ) I — N 1.04F ~
[ | L L. 7
S 102 ey TI'I 1 " . & 1.021- -
< 1= ] T }l 7 41Ty ST = < 1= =
: ITHTPIETRE] - 3 :
oser (It T 7] I 0.0 :
0.96 — { ]} = 0.96 =
0.94 | l N 004F E
0.92F — 0.92 -
:.. Ll L ] SN T T Ll e
0.9 T = 00 0,951 0.9 (36065 07 075 0.8 085 09 095 1
5 [GeV] NS [GeV]
e 60 — 1

£ e} S
_2 c L :,!0.9

50

—0.8
40 0.7
—0.6
30 0.5
20 04
0.3
10 02
0 0.1

% 5 10 15 20 25 30 35 40 45 50 0 10 20 30 40 50 60

n bin Ebin
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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 HVP fora & o

ED

— 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

, implications for the EW fit



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

08

w
o 1.08
Pt
x 1.06
© 1.04
L
O 1.02
i |

1
0.98
0.96
0.94
0.92

K

09—

I!\‘1III|!\\I|!III[\\\I|II
— Total uncertainty

Il Statistical component

_‘kll\\]Jllllllllll\ll‘HI‘III|III|II\‘IJ\

11]IIlllllllllllllllllllllllJllllllllllll
06 065 0.7 075 0.8 0.85 09 095
\s [GeV]

Comparison with Unity:
x*[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

v [p0 + pl+/s]: 36.1 / 21(DOF)
p-value= 0.02

p0: 0.745 £0.085

pl: 0.341+0.117

— Significant shift & slope (~2.5-30) at low Vs, no significant shift at high /s
Similar shift & slope for KLOE 12 / KLOE 08 (see below)
— Should motivate conservative treatment of uncertainties and correlations in combination

B. Malaescu (CNRS)
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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

8 T e el uncenainty I AN SRR SRR RS RAR SR NASAA AALL) A
g) 122 -;t;tillstical comp)(;nent E LI9J ::22—_ -;tattilstical ctom;)(’)nent E
- TPTE x 1.00 -
o104 ﬂ E N 1040 I] =
1o I ] | Hﬂ IHE[ ]ﬁ[ E & 1.02F ] I I]] 1] 3
i I - R NH :
14 AR TR
0.96 l } . BB l | IH | [1 11 E
094 | - b “ | E
092F - 0.94 l -
0966 065 07 075 0.6 085 09 0.95 1 0.2 L E
W [GeV] 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 Vs
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Direct comparison of the 3 KLOE measurements

2 HE RARRVRRRRRNANAR AR S ® AT [T T T g
e N .
< 1.06 = < 1.06 =
S 104f 3 S 1045 -
8 1.02 [ E g 102 T T E
S m - a0 ﬂrﬂi [ ﬂ[m E
0.98]~ E 0.98F { L] E
0.96 = 0.96 v [p0]: 25. 4/ 16(DOF)-
0.94F = 0.945 ‘ p-value= 0.06 —;
0.92F = 0.92 pO 0.979 i 0.008 E
0906 065 07 0.75 0.8 085 09 095 1 0956 065 0.7 075 0.8 085 09 085 1

\5 [GeV] \s [GeV]

% [p0 + p1vs]: 36.1 / 21(DOF) @ 1T e
p-value=0.02 & 108° M Sinisical comporent.

p0: 0.745 £ 0.085 :3' 1.06 -

pl: 0.341+0.117 2 1041 T { E

O 1.02 =

< 4t ] HI{I}T I =

mhln I

— Significant shift and slope (~2.5-30) at low Vs, 0.96 H l [I | T{xz [p0]: 29.5 / 26(DOF) -
no significant shift at high Vs 0.94" ‘ l I p-value=0.29 =
05; - pO 1 002 ﬂ‘: 0. 906 E

06 065 07 075 08 085 0.9 095 1

\s [GeV]

B. Malaescu (CNRS) Dispersive HVP fora & o

orp » implications for the EW fit



n bin
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Treatment of the combined KLOE data

Correlation matrix

20 30 40 50

D
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Combining the 3 KLOE measurements
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au’m 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)
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au’m 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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Fit parameters, uncertainties and correlations e'e” — m'n"

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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Comparison with IB-corrected t data

v1.x-(8)

m2 Bx— 1 dNX

T

" 6|V B. Nx ds

2 -1
s 2s Rip(s)
-2 (1+ 2
X( m?) < +m3> SEw

Rip

— 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” — t difference 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

1
o
N

(=)
2 &

=3
s &

Cross section(exp) / Average -
O
&

(<)
S o o
N U

< Average

| T T T | T T T l
e'e Average

B. Malaescu (CNRS)

Dispersive HVP fora & o

Isospin Breaking corrections
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¥ 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

Anti-k, R = 0.4, EM+JES, n = 0.50, Data 2011 :
lo.g
0.8
—0.7
—06
=05
0.4
03
0.2
0.1

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

- w0

0.2

correlation
correlation

Lol
|

i 0.1

—
|
o

| .
20 30 102 2x10% 10° 2x10° 20 30 107 2x10% 10° 2x10°
P [GeV] pF [GeV]

Nominal correlation scenario Weaker - stronger correlation scenarios
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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))
gf®. . g Ji (sl 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,
B. Malaescu (CNRS) Dispersive HVP fora & o
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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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EW fit results: y* scans
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EW fit results: parameter scans for varying Aa, d(MZZ)
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EW fit results:
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Indirect Determination of Aa, d(Mz

o o . . 2
indirect determination of Aa, (M °)

HVP.LO HVP Lo (FU" HVFba

au, Lattice ~ u Pheno
= EWK Fit (with Higgs)
= EWK Fit (without Higgs)
B ewk Fit (Future)
== Nominal Value
Approach 0

Approach 1

111 |l||IIIlIIIIIIllIIIl|lIII[lIII|HII|IIIIIIIH

=
0.027 0.0275

Indirect Determination of Aa,

aM)

L
0.028

HVPLO _ HVP (Ko}
u, Exp. u Pheno

a (Full Hvri)

= EWK Fit (with Higgs)
= EWK Fit (without Higgs)
B vk Fit (Future)
== Nominal Value
Approach 0

Approach 1

=
0.027 0.0275

Indirect Determination of A“nad(M )

HVP.LO HVP.LO
u, Lattice au Pheno Pamal HVP

= EWK Fit (with Higgs)
= EWK Fit (without Higgs)
B EWK Fit (Future)
-~ Nominal Value .
Approach 0[Th. 1.8GeV] !
Approach 1[Th.,1.8GeV] '
I Approach 0 [Th.,1.0GeV] ]

AXZ

111 |l||IIIlIIIIIII|IIlllllllllllllllll|Ill|||lll

l
0.028 0.0285

Ao

3

had(

Indirect Determination of Aa,

HVP,LO
a

(M)
-a PO (partial H\IP

w, Pheno

—— EWK Fit (with Higgs)
B EWK Fit (without Higgs)
B EWK Fit (Future)
---Nominal Value :
Approach 0[Th. 1.8GeV] |
Approach 1[Th.,1.8GeV]
B Approach 0 [Th.,1.0GeV] }

|
0.028

implications for the EW fit



