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Lepton universality violation from neutral pion decays in
RKð�Þ measurements

Dean J. Robinson
Ernest Orlando Lawrence Berkeley National Laboratory, University of California,

Berkeley, California 94720, USA

(Received 2 November 2021; accepted 23 January 2022; published 17 February 2022)

I show that the neutral pion decay in B → Kð�Þπ0γ, with π0 → eeγ, might generate large sources of
lepton flavor universality violation (LFUV) in measurements of the ratios, RKð�Þ : If the photons in the

Kð�Þeeγγ final state are reconstructed as bremsstrahlung, the recovered electron-positron invariant mass can
be pushed into the 1–6 GeV2 signal region, artificially enhancing the measured B → Kð�Þee branching
ratio compared to B → Kð�Þμμ. I present a conservative estimate and simulation of the B → Kπ0γ LFUV
background at LHCb, that together suggest this effect could reduce the recovered RK up to several percent.
A reliable assessment of the size of this effect will require dedicated simulations within experimental
frameworks themselves.

DOI: 10.1103/PhysRevD.105.L031903

I. INTRODUCTION

Measurements of lepton flavor universality violation
(LFUV) involving charged dilepton final states are long-
known to exhibit LFUV from virtual photon poles. In a
generic semileptonic process X → ðγ� → llÞY, the branch-
ing ratio of light versus heavier lepton pair production is
enhanced whenever the virtual photon momentum, q, falls
below the pair-production threshold of the heavier pair,
because of the 1=q2 pole from the virtual photon exchange in
the amplitude. In the context of RKð�Þ measurements, in
which the LFUV ratio

RKð�Þ ¼ Br½B → Kð�Þμμ�
Br½B → Kð�Þee� ; ð1Þ

the virtual photon exchange in B → K�ðγ� → llÞ leads to
significant LFUV in RK� if q2 ≪ 4m2

μ.
Another effect of this type can arise in RKð�Þ from

B → η0Kð�Þ, with the subsequent Dalitz decay η0 → llγ
(see, e.g., Ref. [1]). The photon pole in the η0 decay leads
to approximately a factor of 4 enhancement of the η0 →
eeγ branching ratio versus η0 → μμγ: Br½η0 → eeγ� ¼
4.91ð27Þ × 10−4 versus Br½η0 → μμγ� ¼ 1.13ð28Þ × 10−4

[2]. This B → ðη0 → llγÞKð�Þ cascade may then enhance
the measured B → Kð�Þee branching ratio, whenever the

final state photon is close enough to the electron or
positron to be misreconstructed as bremsstrahlung, or
soft enough to be missed. At LHCb in particular, the
relatively large boost of the η0 system suggests one could
naively expect an Oð1Þ fraction of such photons to look
like bremsstrahlung: Noting the branching ratio
Br½B → η0K� ¼ 7.04ð25Þ × 10−5, this B → η0K LFUV
background is known to lead to a percent level correction
to RK [1]. For this background, however, the misrecon-
structed dilepton invariant mass, q2reco ≃m2

η0 < 1 GeV2,
and therefore it is only relevant to the signal region with
dilepton invariant mass q2 < 1 GeV2. In the signal region
1.1 < q2 < 6 GeV2, LHCb has recently measured RKþ ¼
0.846þ0.044

−0.041 [3,4] (see also the very recent Ref. [5]), in
notable tension with the SM prediction 1.00� 0.01 [1,6,7]
(cf. Ref. [8]).
In this note, I point out that b → sγ final states involving

neutral pion Dalitz decays may produce an additional
significant SM source of LFUV in RKð�Þ measurements.
This has not been considered—or at least, not mentioned—
as a systematic uncertainty in prior LHCb [3–5,9,10], Belle
[11–13] or BABAR [14] analyses. In particular, I focus on the
B → Kðπ0 → eeγÞγ LFUV background at LHCb, as a
representative of a possibly broader class of decays with
the following pathology: The photon produced by the b →
sγ transition could, on rare occasion, be reconstructed into
the π0 daughter electron or positron as bremsstrahlung, so
that the misreconstructed q2 of the electron-positron pair
may be pushed up into the 1 < q2 < 6 GeV2 signal region.
This enhances the measured branching fraction for B →
Kee in the signal region and thus reduces RK. A schematic
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of the misreconstruction configuration of the π0 decay is
shown in Fig. 1, in which both photons reconstruct as
bremsstrahlung, creating a LFUV background. Other b →
sγ transitions might also contribute similarly to RK , includ-
ing B → Kh0γ for any neutral (pseudo)scalar meson
h0 ¼ η; η0;…, as well as modes such as B → Kπ0π0γ.
The same effect may occur in RK� measurements.
The eþe−γ invariant mass could be measured precise

enough at LHCb—nominally at Oð10 MeVÞ uncertainty
[15]—to reconstruct the π0, providing a handle to reject this
background. However, combinatoric challenges plus related
studies with merged photons [16] suggest this cannot be
done with the high efficiencies required, especially in the
case that the daughter photon of the π0 may itself either be
reconstructed as bremsstrahlung or is soft enough to be lost.
Because the neutral pion is highly boosted at LHCb, the
former scenario itself is not expected to be rare—we show
below it occurs for approximately half of the relevant π0

decays—while the latter scenario is infrequent.
How big could such a LFUV background for RK be?

Naively, one expects the leading contribution to
B → Kπ0γ from the resonant channel B → K�γ. Since
Br½Bþ → ðK�þ → Kþπ0Þγ� ≃ 1=3 × 3.92ð22Þ × 10−5 and
Br½π0 → eeγ� ¼ 1.174ð35Þ × 10−2 [2], the branching ratio
for B → Keeγγ is comparable to that of B → Kee for
1 < q2 < 6 GeV2. Thus, even if only a few percent of
B → Keeγγ were to be misreconstructed as B → Kee, a
comparable reduction arises in the recovered Rrec

K , com-
parable to the tension with the SM seen at LHCb.
In this note I explore how to estimate the size of this

effect, and then develop an approximate simulation based
on a rough, but conservative, guesstimate for the imple-
mentation of the LHCb upstream bremsstrahlung recovery
algorithm. This simulation suggests an LFUV background

present up to the several percent level in RK from B →
Kπ0γ alone, but of course subject to sizeable uncertainties
inherent to such approximations.

II. DIFFERENTIAL BRANCHING RATIO

A. B → Kπ0γ

To estimate the branching ratio for B → Kðπ0 → eeγÞγ,
one must first determine the B → Kπ0γ amplitude. To do
so, since we are interested only in an estimate, I approxi-
mate this amplitude by the resonant contributions from the
vector meson exchange, B → ðV → Kπ0Þγ, in which V is
any strange vector meson with the appropriate JP ¼ 1−

quantum numbers. The first few such known mesons are
shown in Table I.
Assuming short-distance dominance (operator O7),

the effective operator mediating the exclusive B → Vγ
decay takes the form ϵμνρσBFρσ∂μVν, in which Fρσ is
the photon field strength. The corresponding amplitude
Aλκ½B → Vγ� ∼ ð−1ÞλδλκjkγjmB, in which λ ¼ �1; 0
(κ ¼ �1) is the spin (helicity) of the vector meson
(photon) in the helicity basis. The subsequent V → Kπ
amplitude is simply the usual spin-1 spherical harmonic,
Aλ½V → Kπ� ∼ jpKjd1λ0ðθK;ϕKÞ. Here jpKj (jkγj) is the K
(γ) momentum in the V (B) rest frame, and the helicity
angles θK and ϕK are defined in Fig. 2. Because the π0 is
spin-0, ϕK will be unphysical in the B → Kðπ0 → eeγÞγ
cascade.
We will be interested only in the normalized differential

rates, scaled by the appropriate overall branching ratios.
I have therefore dropped form factors and other normal-
izing factors both above and hereafter. The differential
branching ratio can be shown to take the simple form

dBr½B → ðV → Kπ0Þγ�
d cos θKds

¼ 3

4π
jFðsÞj2sin2θK; ð2Þ

with the amplitude summed over resonances,

FðsÞ¼
X
V

�
½Br½B→Vγ�Br½V→Kπ0��1=2

×

� jpKðsÞjjkγðsÞj
jpKðm2

VÞjjkγðm2
VÞj

�
3=2

ffiffiffiffiffiffiffi
mV

p
s1=4

ffiffiffiffiffiffiffiffiffiffiffiffi
mVΓV

p
s−m2

Vþ imVΓV

�
:

ð3Þ

FIG. 1. Schematic configuration of B → Kðπ0 → eeγÞγ, with
both photons misreconstructed as bremsstrahlung.

TABLE I. Data for strange vector mesons with JP ¼ 1− [2]. Isospin is assumed to determine Kπþ versus Kπ0

branching ratios.

Meson (V) Mass (GeV) Width (GeV) Br½Bþ → Vþγ� Br½V → Kπ0�
K� 0.8917(2) 0.0514(8) 3.92ð22Þ × 10−5 ≃1=3
K�ð1410Þ 1.414(15) 0.232(21) 2.7ðþ0.8Þ

ð−0.6Þ × 10−5 2.2(4)%

K�ð1680Þ 1.718(18) 0.322(110) 6.7ðþ1.7Þ
ð−1.4Þ × 10−5 12.9(8)%
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Here, s ∈ ½ðmK þmπÞ2; m2
B� denotes the virtual

V invariant mass, i.e., s ¼ p2
V , while jpKðsÞj ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðsþm2
K −m2

πÞ2=ð4sÞ −m2
K

p
and jkγðsÞj ¼ ðm2

B − sÞ=
ð2mBÞ. Note that in the narrow width limit for a single
resonance,

R
dsjFðsÞj2 ¼ π × Br½B → Vγ�Br½V → Kπ�. In

Eq. (3), a simple Breit-Wigner parameterization for the
vector meson resonances is used, which is appropriate
since they lie well above the Kπ threshold, i.e., ½mV −
ðmK þmπÞ�=ΓV ≫ 1 (see Chapter 49 of Ref. [2]; see also
the discussion of more refined methods therein).

B. π0 → eeγ

Apart from B → Kðπ0 → eeγÞγ, the Keeγγ final state
may also be accessed from the virtual photon=Z process
B → Kðπ0 → γγÞðγ�=Z� → eeÞ. These contributions may
be of comparable size, but the interference between them is
expected to be negligible, because in the former the eeγ
invariant mass is constrained to the narrow π0 resonance,
while in the latter this constraint applies to the diphoton
mass. Thus we shall consider only the B → Kðπ0 → eeγÞγ
cascade, keeping in mind that our final result will likely be
an underestimate of the full B → Kπ0γ → Keeγγ rate.
From the most conservative perspective, because the
photons in π0 → γγ must have the same helicity, the virtual
γ�=Z� contribution cannot interfere with the contribution
from B → Kðπ0 → eeγÞγ that has opposite helicity pho-
tons, which accounts for half the total rate. Thus, if there
happened to be fully destructive interference, it would at
most reduce our estimate by a factor of two.
The differential rate for π0 → eeγ, neglecting subleading

radiative corrections in this discussion,

dΓ½π → eeγ�
d cos θeds0

¼ α
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s0 − 4m2

e

p
ðm2

π − s0Þ3
512π2f2m3

πs05=2

× ½s0ðcos 2θe þ 3Þ þ 8m2
esin2θe�; ð4Þ

in which f is the effective decay constant of the ðπ=fÞFF̃
operator, s0 ∈ ½4m2

e; m2
π� is the electron-positron invariant

mass, and θe is the helicity angle defined in Fig 2.
Straightforward integration of the differential rate (4)

allows one to determine the total rate, and hence the
normalized π → eeγ rate ð1=ΓÞdΓ=d cos θeds0.
In the full cascade B → ðV → Kðπ0 → eeγÞÞγ, taking

the narrow width approximation for the π0 resonance, the
full differential branching ratio is then composed as

dBr½B→ ðV →Kðπ0 → eeγÞÞγ�
dcosθKdsdcosθeds0

¼ dBr½B→ ðV →Kπ0Þγ�
dcosθKds

Br½π→ eeγ�
Γ½π→ eeγ�

dΓ½π→ eeγ�
dcosθeds0

: ð5Þ

When combined with Eqs. (2) and (4), one may then
determine the appropriate differential branching ratio
weight of any kinematic configuration in the full cascade.

III. SIMULATION

The goal is to simulate the differential distribution of the
(mis)reconstructed dilepton invariant mass q2reco, while
imposing appropriate cuts and requirements for the two
photons to reconstruct as bremsstrahlung in the lab frame.
This can be defined equivalently as

q2reco≡ ðpB−pKÞ2

¼m2
Bþm2

K −
EKðm2

Bþ sÞþ 2mBjpKjjkγjcosθKffiffiffi
s

p ; ð6Þ

with EK the energy of the kaon in the V rest frame.
I simulate the q2reco differential distribution via a combi-

nation of unweighted Monte Carlo (MC) samples, as
described below, and differential reweighting. In particular,
with the exception of the B boost distribution and the Kπ
invariant mass, s, a pure phase sample of the full cascade is
created, and then reweighted according to the differential
branching ratio weight (5). The reweighted sample is then
binned according to the desired observable—i.e., q2reco—
imposing lab frame reconstruction or cut requirements.

A. B boost and Kπ resonances

Simulation of lab frame observables requires sampling
the B meson boost distribution in the LHCb acceptance,
against which the differential weights from Eq. (5) must be
composed. Simulation of B meson production is done with
Pythia 8, enforcing pT ≥ 5 GeV and requiring the pseu-
dorapidity 2 ≤ η ≤ 5. The resulting B boost distribution of
the simulated sample is shown in Fig. 3. The mean boost in
this sample is hβγi ≃ 20.5, which is very close to quoted
averages [17].
From the data in Table I, the square amplitude jFðsÞj2 is

shown in Fig. 4. When further normalized against K�

resonance contribution, the integral
R
dsjFðsÞj2=π ≃ 1.95×

Br½B → K�γ� × Br½K� → Kπ0�, so that approximately half
of the contribution to the branching ratio comes from the two
higher resonances. Rather than reweighting from a uniform

FIG. 2. Left: definition of the polar helicity angles θK and ϕK
in the V rest frame, for B → ðV → KπÞγ. Right: definition of the
polar helicity angles θe and ϕe in the virtual photon rest frame,
for π0 → ðγ� → eeÞγ.
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distribution in s, the reasonably sharp peak at the K�
resonance makes it more efficient to create an unweighted
sample of the distribution of the Kπ invariant mass, s. For
this purpose I create a sample of 105 events.

B. Bremsstrahlung recovery

The details of bremsstrahlung photon recovery within the
LHCb analysis framework are not available to those external
to the collaboration. One may find, however, approximate or
rough details provided in various conference notes and
public theses. For instance, Ref. [18] provides a (possibly
somewhat dated) study of the recovery of radiation lost by
leptons in B → J=ψðeeÞKS. Figure 4.4 of Ref. [19] (as
reproduced from Ref. [20]; see also Fig. 1 of Ref. [18]), from
which Fig. 5 is adapted, provides perhaps the clearest visual
clue to the bremsstrahlung recovery: Photons whose deposit
into the ECAL lies within the extrapolated angular deflection
of a lepton track as it bends from the LHCb VELO through
the TT to the magnet—the bending of an upstream or a long
track—are considered compatible with upstream bremsstrah-
lung. The precise region over which photon emission is
considered compatible with upstream bremsstrahlung is not
specified in available literature, but instead characterized as

the region “before the magnet” [18,19], or before the “region
with sizeable magnetic field” [21].
The differential angular deflection of a lepton track

dθdef ≃ 0.3 ×

�R
Bdl

1 Tm

��
GeV
jp⊥j

�
; ð7Þ

over differential path length dl, with p⊥ the lepton momen-
tum perpendicular to the magnetic field. Although outside
the LHCb magnet the magnetic field diverges, I assume for
simplicity that it is uniformly oriented in y direction, with
varying strength in z (using standard beam-axis coordinates;
see Fig. 5). From the VELO to the front face of the TT, the
bending power is measured to be

R
Bdl ≃ 0.11 Tm [22],

increasing to approximately 0.25 Tm at its back face, and
approximately 0.33 Tm once the magnetic field has reached
0.5 T: half its full strength. To be conservative, I use

R
Bdl ≃

0.1 Tm in the estimate of the total angular displacement θdef .
In addition, I also show results for 0.3 Tm, representing a
plausible scenario for the allowed upstream bremsstrahlung
emission region.
This very approximate understanding leads to the

following approximate algorithm for simulation of a
photon as bremsstrahlung, shown in Fig. 5: (i) For each
lepton track, I construct a cone of angular size θdef around
its truth lab frame momentum, pe; (ii) Because electrons
(positrons) bend in the þx ð−xÞ direction, I further divide
the cone in the y − z plane and select the half-cone on the
þx ð−xÞ side, corresponding to the direction of the lepton
angular deflection; (iii) Any photon that lies within this
half-cone is considered compatible with recovery as an
upstream bremsstrahlung photon; Finally, (iv), as done in
Refs. [3–5,9,10], I require a minimum transverse momen-
tum, pT , threshold for the leptons. The precise threshold is
not provided in the recent LHCb RKþ analyses, however
Ref. [10] specifies

FIG. 4. Square amplitude, jFðsÞj2, for the three vector meson
resonances in Table I.

FIG. 3. Differential production cross section for B mesons in
the LHCb acceptance with respect to the B boost, βγ. FIG. 5. Schematic for upstream bremsstrahlung recovery at

LHCb. Adapted with permission from Ref. [20], as reproduced in
Fig. 4.4 of Ref. [19].
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min½pTðeþÞ; pTðe−Þ� > 0.5 GeV; ð8Þ

which appears compatible with Figs. S2 of Ref. [4]. The
ECAL itself further has a finite resolution, that sets a lower
bound for θdef. Details of the ECAL cell resolution are
hard to glean from available literature: To be conservative
I assume perfect ECAL resolution, and compare this to
setting a lower bound θdef > 5 × 10−3, based on the
∼5 cm size of an inner or middle ECAL cell [23,24] at
∼12 m from the VELO.

IV. RESULTS

In Fig. 6 I show the q2reco ≡ ðpB − pKÞ2 normalized
distribution over the full range q2reco ∈ ½m2

e; ðmB −mKÞ2�,
generated by B → Kðπ0 → eeγÞγ from the above simula-
tion. Multiplying by the normalization factor

N ≡
Z

ds
jFðsÞj2

π
Br½π0 → eeγ�≃ ð3.0� 0.2Þ× 10−7; ð9Þ

yields the differential branching ratio, including only the
leading uncertainties from the V ¼ K� contribution. I have
dropped the remaining uncertainties from the data in Table I
that enter into FðsÞ, since we are interested only in an
estimate, and such uncertainties will be subleading com-
pared to the MC uncertainties from the simulation.
Also shown in Fig. 6 in blue is the differential distri-

bution keeping only those events that satisfy the brems-
strahlung recovery algorithm in Sec. III B. The fraction of
events for which both photons in B → Kðπ0 → eeγÞγ are
misreconstructed as bremsstrahlung in the 1 ≤ q2reco ≤
6 GeV2 signal regime is estimated as

fmisreco ¼
8<
:

ð0.31� 0.08Þ%
hR

Bdl ¼ 0.1 Tm
i
;

ð1.2� 0.3Þ%
hR

Bdl ¼ 0.3 Tm
i
;

ð10Þ

where the uncertainty is purely from MC, and I show
results for the conservative and plausible values for the
bending power, as discussed in Sec. III B. Multiplying by
the normalization factor N yields the corresponding
branching ratio for the misreconstruction.
The effect of the pT threshold is significant: Without this

cut, fmisreco would significantly increase to ð1.7� 0.4Þ%
and ð4.8� 0.7Þ%, for the conservative and plausible
bending power values, respectively. This suggests tighter
pT thresholds may entirely suppress the contribution from
misreconstructed B → Kðπ0 → eeγÞγ decays altogether.
Setting a lower bound θdef > 5 × 10−3 does not enhance
the misreconstruction fraction beyond the MC uncertainties
in Eq. (10), so that the ECAL resolution effects appear to be
subleading. Similarly, including the case that the π0

daughter photon is soft, below a conservative 75 MeV
threshold for bremsstrahlung recovery [19], leads to a
negligible increase in fmisreco.
The measured branching ratio Br½Bþ → Kþμμ� ¼

1.2ð1Þ × 10−7 [25]. Taking this as a proxy for the true
Bþ → Kþee branching fraction assuming no LFUV, then
the fractional enhancement in the measured Bþ → Kþee
with misreconstruction is

N fmisreco

Br½Bþ → Kþμμ� ≃
8<
:

ð0.8� 0.2Þ%
hR

Bdl ¼ 0.1 Tm
i
;

ð3.1� 0.8Þ%
hR

Bdl ¼ 0.3 Tm
i
:

ð11Þ

Thus, one roughly expects in the SM the recovered ratio
could decrease to Rrec

K ≃ 0.99� 0.005 and 0.97� 0.01,
respectively. The latter shift is comparable to the size of the
combined statistical and systematic uncertainties quoted
in Ref. [4].

V. SUMMARY AND OUTLOOK

The π0 → eeγ Dalitz decays of neutral pions produced in
b → sγ processes may generate additional sources of uncer-
tainty in precision measurements of the LFUV ratios, RKð�Þ , if
the photons are misreconstructed into the π0 daughter leptons
as bremsstrahlung. In this note, an approximate Breit-Wigner
parametrization for the resonant contributions B → ðV →
Kπ0Þγ was combined with a conservative guesstimate of the
implementation for bremsstrahlung recovery at LHCb, to
produce an approximate simulation of the contributions toRK

from misreconstruction of B → Kðπ0 → eeγÞγ. This simu-
lation suggests a LFUV background present at the percent
level in RK from B → Kπ0γ alone, that could be as large as

FIG. 6. Normalized distributions with respect to q2reco ≡ ðpB −
pKÞ2 from the total B → Kðπ0 → eeγÞγ rate (red) over the full q2
range, and with misreconstruction of the photons as upstream
bremsstrahlung, assuming magnetic bending power 0.1 Tm
(blue) and 0.3 Tm (light blue). The RK signal regime 1 ≤ q2reco ≤
6 GeV2 is shown by the gray band. Uncertainties are from MC
statistics alone.
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3%, depending on the magnetic bending power. For two
cases of

R
Bdl ¼ 0.1 Tm and 0.3 Tm, the recovered ratio in

the SM would be expected to decrease to Rrec
K ≃ 0.99�

0.005 and 0.97� 0.01, respectively. The same effect, at the
same order of magnitude, may occur in RK� measurements.
Other b → sγ transitions involving (pseudo)scalars such as
B → Kh0γ, h0 ¼ η; η0;… may further enhance RK, because
of their enhanced Dalitz decay to eeγ near the photon pole.
Whether modes such as B → Kπ0π0γ may also contribute
similarly to RK requires further study.
Keeping in mind that: (i) I have likely underestimated the

B → Kπ0γ branching ratio; (ii) the effective bending power
of the LHCb magnet could be even greater than the 0.3 Tm
estimate; and (iii) that there may be other reconstruction
resolution effects, that loosen the effective allowable
angular displacement of a photon versus a lepton in order
for the former to be recovered as upstream bremsstrahlung,
it is not inconceivable that the effect on RKð�Þ could Oð1Þ
greater than estimated here. Of course, it is also conceivable
that: (iv) the bremsstrahlung recovery at LHCb could be far
better able to discriminate or reject fakes than estimated
above; and (v) the reconstruction efficiency for the B →
Kðπ0 → eeγÞγ background could be much lower than for
the signal, leading to a substantial suppression of the effect

on RKð�Þ . A proper estimate of this effect will require
dedicated studies within experimental frameworks, not
only at LHCb but also at Belle II.
If the effect is present, then precision measurements of

the LFUV ratios RKð�Þ will require improved theoretical
descriptions of B → Kπ0γ-like backgrounds, which fea-
ture notable hadronic uncertainties. If such a scenario
arises, this will be (yet another) example of a theoretically
clean observable that acquires nontrivial theoretical uncer-
tainties when recovered from a precision experimental
framework.
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