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Muon g -2: Blinding for data-driven hadronic vacuum polarization
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The KNTW (Keshavarzi-Nomura-Teubner-Wright) data-driven determinations of the hadronic vacuum
polarization (HVP) are crucial inputs to previous and future Standard Model (SM) predictions of the
muon’s anomalous magnetic moment, a,. With the muon g—2’s new physics case uncertain due to
disagreeing HVP evaluations, new SM predictions and experimental measurements of a,, expected soon,
and a complete revamp of the KNTW analysis framework underway, this Letter motivates and describes a
blinding scheme for data-driven HVP determinations that has been implemented for future KNTW

analyses.
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Introduction. The anomalous magnetic moment of the
muon, a,, and its potential for discovering new physics
stand at a crossroads. The accuracy and precision of the
Standard Model (SM) prediction, a;™ [1-21], relies on
resolving significant tensions in evaluations of the hadronic
vacuum polarization (HVP) contributions, ay'". Data-
driven evaluations of the HVP using e'e™ — hadrons
cross section data as input [6—-16,22—41] result in a value
for a3™ that is ~56 below the most recent experimental
measurement from the Muon g — 2 experiment at Fermilab,
a;? [42,43]. With an unprecedented 200 parts-per-billion
(ppb) precision [42,43], confirmation of previous measure-
ments [44-50], and final results (expected in 2025)
projected to improve the experimental precision by another
factor of 2, the measurements of a, appear to be on solid
ground.! However, high-precision lattice QCD calculations
(incorporating QED corrections) [1,53—-69] and the most
recent experimental measurement of the dominant e™ e~ —
ata~ cross section from the CMD-3 experiment [70,71]
result in independent, but consistent values for affV* that
are > 4o larger than previous data-driven evaluations. They
therefore generate values for af,’M that are consistent with

a;” and support a no-new-physics scenario in the muon

“Contact author: alex.i.keshavarzi@gmail.com
'Alternative future measurements of a, are also planned at
J-PARC [51] and PSI [52].
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g — 2, whilst leaving an unexplained discrepancy with the
vast catalog of previously measured hadronic cross section
data.

The KNT [7,11] (now KNTW) data-driven determina-
tions of a}/¥" are crucial inputs to previous and future
community-approved predictions for aEM from the Muon
g — 2 Theory Initiative [1]. With multiple, independent
lattice QCD evaluations of a'"* becoming significantly
competitive only in recent years, it was one of only a few
data-driven HVP evaluations [8-11] which exclusively
formed the value for afV" used in the SM prediction that
exhibits the ~5¢ discrepancy with a,, " [1-21]. Future SM
predictions are expected to incorporate both lattice QCD
and updated data-driven evaluations, with KNTW being a
key input to the latter. An alternative approach to determine
a;¥" by experimentally measuring the spacelike vacuum
polarization is under preparation at the MUonE Experiment
[72-74].

The KNTW procedure for evaluating the total hadronic
cross section and a;V" (plus other precision observables
which depend on hadronic effects) is undergoing a major
overhaul and modernization of the analysis framework.

Such future data-driven evaluations of a;/'* depend
largely on new experimentally measured hadronic cross
section data, particularly for the z*z~ final state. These
require increased precision and a more robust understanding
of higher-order radiative corrections, which are currently
being studied in detail within the STRONG-2020 program
[75] and The RadioMonteCarlow 2 Effort [76] (see also, e.g.,
[77,78]). While a discussion of these improvements is
outside the scope of this Letter, such future results will be
released from the BABAR [79], Belle 1I [80], BESIII [81],
CMD-3 [82], KLOE [83], and SND [84] experiments within
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the next few years. These new measurements could either
fundamentally adjust the previous data-driven evaluations of
af™? to bring them more in line with, e.g., the recent
CMD-3 z*z~ measurement or make the current tensions
even worse if new measurements confirm lower cross section
values with increased precision.

Analysis blinding for data-driven determinations of the
HVP is now paramount. All other critical inputs—results
from the Muon g — 2 Experiment at Fermilab, lattice QCD
calculations, and future eTe~ — hadrons cross section
measurements—are blind analyses. As such, this Letter
motivates and describes the first blinding scheme for data-
driven HVP determinations that has been implemented for
future KNTW analyses.

Blinding motivation. In a given data-driven analysis,
eTe™ — hadrons cross section data from different experi-
ments are combined in a statistically robust procedure.
Many measurements can exist for each distinct hadronic
final state (channel), each with different features: energy
range, measurement technique, luminosity normalization,
energy binning in /s, treatment of radiative corrections,
prescription for provided experimental uncertainties, etc.
The combination procedure then largely derives from four
stages: (1) ensuring different data are consistent before
combining, (2) defining a new energy binning onto which
the input data will be combined, (3) combining the data in a
fit procedure that is weighted in some form by the
experimental uncertainties, and (4) applying additional
systematic uncertainties arising from the combination
procedure to the combined cross section. Derived quantities
such as a;'P are calculated from the combined data.
Statistical comparisons can then be performed between
the data combination and the input datasets for the cross
section values and any calculated observables.

All four stages depend on analysis choices. In (1), for
example, combining the data for the extraction of afV*
necessitates the cross section data to be undressed of
vacuum polarization effects and to include final state
radiation, requiring the analyzer to define a procedure to
ensure corrections for either or both are applied to any data
that are not in that form. In stage (2), analyzer freedom to
choose the target bin centers in /s, the bin width, and
overall number of bins can lead to significantly different
results, particularly in important hadronic resonance
regions. For (3), the degree to which an analysis chooses
to weight the fit/combination procedure by the experimen-
tal uncertainties, particularly regarding weighting with
correlated uncertainties, can vastly change the influence
of different datasets. Correspondingly, the resulting sys-
tematic uncertainties in (4) can depend on the choices in the
earlier stages.

Together, the choices in these stages can lead to different
results for the mean values and uncertainties for both the

combined cross section and any derived quantity like a;/".

The combination procedure used in the previous KNT
analyses are described in [7,11] (and earlier in [37-39]). In
general, however, none of the data-driven evaluations
of the HVP (e.g., [8-11,35]) can avoid making or already
having made these choices and correspondingly different
results are observed between different evaluations. Such
differences were explored in detail in [1,7]. A prominent
example is stage (3) for the dominant #* 7z~ channel, where
it has been observed that choosing to maximally weight the
fitted cross section by the correlated uncertainties favors the
three high-precision, highly correlated, lower-valued mea-
surements from the KLOE experiment [85-88] leading to
an overall lower value of a}’f”—, while choosing minimal
weighting of correlated uncertainties favors the single high-
precision, narrowly binned, but higher-valued measure-
ment from the BABAR experiment [89,90]. This effect is the
main reason for the two global, data-driven HVP analyses
that are featured in [1]: KNT19 [11] and DHMZ19 [10],
yielding mean values for af”_ that differ at the level of the
final uncertainty (see Sec. 2.3.5 in [1]).

The future presents the potential for even larger
differences. Already the CMD-3 ztz~ data [70,71] is
several standard deviations higher than all other "z~ data
and all new data-driven evaluations will have to include
these data in their combinations. As mentioned previously,
new higher-precision data could lead to even more exag-
gerated tensions, particularly for z"z~ where they could
favor either the CMD-3 result or the previous data. There is
also potential for some future data-driven analyses to
resurrect the use of hadronic z-decay data [78,91] in their
combinations and evaluations of a;/'*. These historically
exhibit higher results for a;"* that are more in-line with the
CMD-3 data and lattice QCD evaluations but have been
avoided in recent years due to an incomplete understanding
of the necessary isospin breaking corrections [1].2

In general, all of the above has the potential for analysis
bias. In the face of significant tensions from current and
possibly future data, this applies to any previously decided
analysis choices and any new ones, as either may con-
sciously or unconsciously bias a data-driven analysis
towards one result or another. Given that the new physics
case in a,, rests upon resolving the tensions in af¥* which
are currently reflected in the e*e™ — hadrons data, the
future of its data-driven determinations requires unbiased
results achieved through fully blind analyses that have
reevaluated all choices and any corresponding systematic
uncertainties.

Blinding procedure. Blinding an analysis of already mea-
sured data presents individual challenges. Retrospectively
blinding publicly available experimental data and

*Efforts are ongoing to calculate these isospin breaking
corrections using lattice QCD (see, e.g., [92]) which could make
the hadronic z-decay data competitive within the next few years.

L011901-2



MUON g —2: BLINDING FOR DATA-DRIVEN HADRONIC ...

PHYS. REV. D 111, L011901 (2025)

corresponding results is impossible as many experimental
analyses make comparisons with previous data and calcu-
late quantities like a;". The aim is therefore to implement
a robust procedure that meaningfully blinds the outputs of
any data combinations without introducing new biases to or
interfering with the data combination methodology.
Blinding by adjusting the input data that enter a combi-
nation is consequently avoided.’

Instead, offsets are applied to the combined cross section
to blind all visual and other outputs of the analysis, namely
plots of the combined data and any values derived from
them (e.g., a;;"'"). Importantly, no combined data are saved
without blinding offsets applied. Defining the experimen-
tally measured hadronic cross section as oy,4(s) =
e"Te™ — hadrons, the offsets adjust the cross section for
a given hadronic channel i as

02233(5) = a;bi(s + 50,) 0naq,i($)- (1)

A different set of offsets for each channel i ensures that a
change in one channel cannot be disentangled by knowledge
of a change in another. The subscript i is suppressed in the
following for simplicity of notation. The offsets a, b, ¢, and
5o apply an amalgamation of the following: change in overall
sign (a), an energy-independent multiplicative scale factor to
conceal changes in size (b), power adjustments to the energy
dependence (c), and additive adjustments to the energy
dependence (sy). In a given channel, the data used to
calculate derived values and those entering plots are blinded
with different offsets. This provides additional relative
blinding between plots of the data and any derived quantities.

To compare a resulting data combination with its input
datasets for any derived quantity or plot, the input datasets
are adjusted by the same blinding scheme only for that
comparison. This allows for analysis of the combination
under blinding [see, e.g., Fig. 1(a)]. The unknown energy-
dependent adjustments, which are different for derived
quantities and plots, ensure that no comparison of a
combination with input datasets can result in full knowl-
edge of the influence of that dataset on a combination or
consequent extraction of the blinding offsets. No input
datasets are saved with blinding offsets applied.

At the level of the individual channels, the generic
dispersion integral used to extract the blinded value of
the HVP contribution to an observable Oyyp then has the
form

. Shigh .
ol = [ dss(s)ali (o)
Slow

—ab /Shigh ds(s + 50)°f(5)0naa(s), (2)

The ability to scrutinize input datasets when not combining or
comparing to a combination is retained.

where f(s) is an energy-dependent kernel function.
Observables calculated as part of the KNTW analyses
other than a;"* include (but are not restricted to) the
HVP contributions to the electron and tau ¢ — 2, the
hadronic contributions to the running electromagnetic
coupling, and the HVP contributions to the hyperfine
splitting of muonium (see [11]). While the op,4(s) is the
same for each Oyyp, the kernel functions f(s) are different
and induce a different energy-dependent weighting. The
blinding scheme effectively adjusts this energy dependence
by a different, unknown amount for each integrated Oyyp.
This not only adds another layer of blinding between each
observable, but also has the benefit of removing possible
bias towards a!f ¥ being the primary output of the analysis,
putting more emphasis on the combined data as the primary
product and figure of merit.

A description and the allowed values for each offset are
given in Table 1. The offset a is only applied to the data
entering Eq. (2). The allowed values for b have been chosen
to not be too extreme and importantly avoid b = 1, which
would provide no overall scale factor. The values for ¢ have
been chosen to moderately adjust the energy dependence
without unreasonably distorting the shape of the hadronic
cross section and to avoid ¢ = 0, which would provide no
adjustment. The additive s, provides an additional energy-
dependent shift without which it would be known that no
energy-dependent blinding due to ¢ would be present at
exactly s = 1 GeV2.

The offsets are set by a person (blinder) external to
KNTW. The blinder is provided a software package which,
when executed, asks the blinder to choose (and make a
private note of) five blinding seeds known only to them.
Four are for the offsets listed in Table I. The fifth (r5) results
in an unknown integer in the range 1-100 that will offset
the integer ID number of each hadronic channel, of which
there are less than 100 in total. This ID number offset is
concatenated to the beginning (for integrals) or end (for
plots) of the seed for each of the other four offsets, resulting
in distinct blinding for each channel and different blinding
offsets for the data entering integrals and plots. Each seed
can be any signed, 32-bit integer and initializes a random
number generator for each offset that yields a value from
the allowed ranges provided in Table I. The package then
automatically generates compiled and obfuscated software
routines containing the offsets which the blinder provides
to KNTW. In this way, neither the blinding offsets nor
random seeds can be disentangled or reverse engineered by
accident or without the intention of removing the blinding
entirely.

To unblind the analysis, i.e., to remove the blinding
offsets, requires correct input of the offsets on execution of
the software. The blinding scheme has been devised to have
two layers to allow for additional comparisons of results
and systematic cross-checks without fully unblinding. The
unblinding will therefore happen in two stages. First, when
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(b)
FIG. 1. Comparisons of results for the ztz~ channel from KNT19 [11] before (left) and after (right) implementing the described

blinding example. Part (a) is showing plotted cross section values (the p resonance of the z"z~ channel). Part (b) is comparing integrated
values (comparison of values ajf”_ in the range 0.6 < /5 < 0.9 GeV). As such, they are blinded with different offsets and are not
comparable. Details regarding the input datasets can be found in [11].

the analyses and data combinations of all individual
hadronic channels are complete, a relative unblinding will
be performed where the blinder inputs only rs to the
KNTW software. This removes the ID number offset for the
individual channels, leaving a common blinding for all
channels. In this relatively unblind stage, the final results
are still concealed, but cross-checks of the analysis can be
performed by comparing the results from different hadronic
channels under a common set of offsets. Once these final
cross-checks are complete, the KNTW analysis will be
frozen, and no further changes will be made. Only then will

TABLE L

the blinder be asked to input all offsets and fully unblind the
analysis. Once an analysis is unblind, a new analysis (i.e.,
to incorporate significant changes or new hadronic cross
section data) will require a blinder to repeat the process and
introduce new blinding offsets to the new KNTW analysis.

Example implementation. As an example, consider the
blinder choosing the seeds ry = 11111, r, =2222,
ry =333, ry =44, and rs = 5. The seed r5; = 5 results
in a value of 62 (from the range 1-100) from the random
number generator. For a hadronic channel with ID number

The blinding offsets applied in Eq. (1) to the hadronic cross section data. Each offset has an associated

seed used to generate a random number from the allowed values given in the second column.

Offset (seed)

Allowed values

Comment

a (ry) +1
b (rp)
¢ (r3)
so (rg)

01<b<09and 1.1 <b <10
—0.05 < ¢ < —0.01 and 0.01 < ¢ < 0.05
—0.01 < sy < 1 GeV?2

Not applied to plots
Avoids scaling of 1
Avoids power of zero
Blinds s¢ = (1 GeV?)¢

L011901-4
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n, the ID number offset is then (n + 62). In the most recent
KNT analysis (denoted KNT19) [11], the 'z~ channel ID
was n = 10. In this example, the ID number offset for this
channel would then be n + 62 = 72 and the blinding seeds
7 for the data entering the integrals and plots of the
KNT19 7"z~ channel would be

r s r3 T4
Integrals: 7211111 722222 72333 7244
Plots: 222272 33372 4472

These in turn result in the following randomly generated
offset values:

a b c So
Integrals: +1 0.617 0.047 0.013
Plots: 1.702 0.048 0.094

Inputting these values into Eq. (1) for the KNT19 77z~
data combination results in Fig. 1. Note that Fig. 1(a) is
displaying the plotted cross section and so is subject to the
offset values for “Plots.” In this case, the value for
multiplicative scale factor, b = 1.702, is clearly visible,
while the energy-dependent shifts are not discernible.
Figure 1(b) is comparing integrated values and has there-
fore been blinded by the “Integrals” offsets. In this case,
a = +1 so the integrated values are positive and the value
b =0.617 is also apparent. Here, the energy-dependent
changes from ¢ and s, are noticeable in the comparisons
between the input datasets and the resulting combination,
which are subtly different before and after blinding. Under
such a blinding scheme, the impact from changes to the
analysis or the introduction of new datasets would not be
fully evident until after unblinding.

2% (xS [
@) rtnT O
oé ntm ﬂO—O
<
= KNT19
) 172 0l -
Q i A (O Blinded
g
o 22—
'_c': nt2r *
T ktrk-L D
K{KD (XS) | L © I
—400 ~200 0 200 400

C 10
a, x 10

FIG.2. Values for a;;"* for different hadronic channels from the
KNT19 analysis [11] before (filled) and after (no fill) implement-
ing the described blinding example. In this specific example, the
blind results for z°y and KK are randomly similar to their
KNT19 values and have therefore been scaled by x5 to make the
differences visible.

There are > 50 hadronic channels in the KNTW analysis
each with an ID number n that, when offset by an unknown
integer from the seed rs, results in a different set of offsets
for each channel that cannot be disentangled. Continuing
with the same example, the integrated values for a/V* from
the dominant hadronic channels in the KNT19 analysis are
shown in Fig. 2. Here, the distinct blinding for each channel
is clearly evident, with some even having negative values
due to the random assignment of @ = —1. As intended,
extracting knowledge of the blinding from comparing
results for different channels is impossible.

Conclusions and outlook. Current tensions in different
evaluations of affV* indicate either a discovery of new
physics or a multimethod confirmation of the SM when
comparing the resulting contrasting values for af,M with
a,””. Under particular scrutiny are the data-driven evalu-
ations of aj"* [8-11], which combine measured e*e™ —
hadrons cross section data to input into dispersion integrals,
allowing for the extraction of af¥* and other observables
sensitive to hadronic vacuum polarization effects. The most
severe tension in the data-driven determinations is due to a
measurement of the dominant e™e™ — z7 7~ cross section
by the CMD-3 experiment [70,71] that has a cross section
several standard deviations larger than all other previous

data. Used in isolation to calculate aj,"*, it results in a value

for a3™ that is consistent with a;,". Analysis choices by
different groups of how to combine these data lead to
different results and in previous cases have been shown to
differ at the level of the uncertainty on the combined cross
section [1]. The impact on future data-driven determina-
tions of af¥* from including the CMD-3 data and new,
more precise experimental data (which could either resolve
the current data tensions or make them worse with
increased precision) will be influenced by past or future
analysis choices on how to combine them.

The new KNTW analysis framework is undergoing a
complete overhaul and modernization aimed at providing a
new state-of-the-art in data-driven evaluations of af"*.
Given the high stakes due to the current tensions and the
crossroads in the search for new physics in the muon g — 2,
future data-driven determinations of a;/V" must attempt to
avoid analysis bias wherever possible. Given that results
from the Muon g — 2 experiment at Fermilab, lattice QCD
calculations, and future eTe~ — hadrons cross section
measurements are all blind analyses, implementing analysis
blinding in data-driven determinations of aV* is para-
mount. This is crucial before including new data whose
impact on the resulting af¥" will be influenced by
unavoidable analysis choices. The first blinding scheme
for data-driven evaluations of the HVP has been proposed
here and is in place as part of the new, ongoing KNTW

analysis.
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With the final results from the Muon g — 2 experiment at
Fermilab and an updated value of a3™ from the Muon
g — 2 Theory Initiative expected soon, it is a pivotal time
for the study of the muon’s anomalous magnetic moment.
Future KNTW analyses will improve upon previous
determinations, fully reevaluate the HVP, and contribute
to the studies of lepton anomalies for many years to come.
To ensure their integrity, unblinding can happen only when
an analysis is complete and at an appropriate time with
respect to the release of new or updated hadronic cross
section data.
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