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Lepton universality violation from neutral pion decays in
Ry, measurements
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® (Received 2 November 2021; accepted 23 January 2022; published 17 February 2022)

I show that the neutral pion decay in B — K*)z%, with z° — eey, might generate large sources of
lepton flavor universality violation (LFUV) in measurements of the ratios, Ry : If the photons in the

K®)eeyy final state are reconstructed as bremsstrahlung, the recovered electron-positron invariant mass can

be pushed into the 1-6 GeV? signal region, artificially enhancing the measured B — K*)ee branching

ratio compared to B — K uu. T present a conservative estimate and simulation of the B — K7’y LFUV
background at LHCDb, that together suggest this effect could reduce the recovered Ry 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 — (y* — £¢)Y, the branch-
ing ratio of light versus heavier lepton pair production is
enhanced whenever the virtual photon momentum, ¢, falls
below the pair-production threshold of the heavier pair,
because of the 1/ pole from the virtual photon exchange in
the amplitude. In the context of Ry measurements, in
which the LFUV ratio

Br[B — K™ uy

Ry = —— -2 HA
Ko Br[B — K"ee]

(1)

the virtual photon exchange in B — K*(y* — £¢) leads to
significant LFUV in Ry if ¢* < 4m2.

Another effect of this type can arise in R from
B — /K", with the subsequent Dalitz decay 5’ — £y
(see, e.g., Ref. [1]). The photon pole in the #’ decay leads
to approximately a factor of 4 enhancement of the ' —
eey branching ratio versus 7' — puy: Br[y — eey] =
4.91(27) x 10™* versus Br[y = puy] = 1.13(28) x 107*
[2]. This B — (' = ££y)K"™) cascade may then enhance
the measured B —» K*ee branching ratio, whenever the
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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 #' system suggests one could
naively expect an O(1) fraction of such photons to look
like bremsstrahlung: Noting the branching ratio
Br[B — /K| = 7.04(25) x 1075, this B — 'K LFUV
background is known to lead to a percent level correction
to Ry [1]. For this background, however, the misrecon-
structed dilepton invariant mass, g, = m; <1 GeV?,
and therefore it is only relevant to the signal region with
dilepton invariant mass g> < 1 GeV?. In the signal region
1.1 < ¢*> < 6 GeV?, LHCbD has recently measured Rg+ =
0.8467 004 [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 — sy final states involving
neutral pion Dalitz decays may produce an additional
significant SM source of LFUV in R 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 — K(n° > eey)y LFUV background at LHCb, as a
representative of a possibly broader class of decays with
the following pathology: The photon produced by the b —
sy transition could, on rare occasion, be reconstructed into
the 7° daughter electron or positron as bremsstrahlung, so
that the misreconstructed g® of the electron-positron pair
may be pushed up into the 1 < ¢*> < 6 GeV? signal region.
This enhances the measured branching fraction for B —
Kee in the signal region and thus reduces Rg. A schematic

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.105.L031903&domain=pdf&date_stamp=2022-02-17
https://doi.org/10.1103/PhysRevD.105.L031903
https://doi.org/10.1103/PhysRevD.105.L031903
https://doi.org/10.1103/PhysRevD.105.L031903
https://doi.org/10.1103/PhysRevD.105.L031903
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

DEAN J. ROBINSON

PHYS. REV. D 105, L031903 (2022)

Q)

FIG. 1. Schematic configuration of B — K(z° — eey)y, with
both photons misreconstructed as bremsstrahlung.

of the misreconstruction configuration of the z° decay is
shown in Fig. 1, in which both photons reconstruct as
bremsstrahlung, creating a LFUV background. Other b —
sy transitions might also contribute similarly to R, includ-
ing B — Kh% for any neutral (pseudo)scalar meson
h' =n,y, ..., as well as modes such as B — Kz%z%.
The same effect may occur in Rg- measurements.

The e"e”y invariant mass could be measured precise
enough at LHCb—nominally at O(10 MeV) uncertainty
[15]—to reconstruct the z°, 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 z° 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 z°
decays—while the latter scenario is infrequent.

How big could such a LFUV background for Ry be?
Naively, one expects the Ileading contribution to
B — Kn' from the resonant channel B — K*y. Since
Br[B" = (K*" = K*2%)y] ~1/3 x3.92(22) x 107 and
Br[z’ — eey] = 1.174(35) x 1072 [2], the branching ratio
for B — Keeyy is comparable to that of B — Kee for
1 < ¢*> <6 GeV2. Thus, even if only a few percent of
B — Keeyy were to be misreconstructed as B — Kee, a
comparable reduction arises in the recovered R¥°, 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

TABLE 1.
branching ratios.

Data for strange vector mesons with J© = 1~

present up to the several percent level in Ry from B —
K7y alone, but of course subject to sizeable uncertainties
inherent to such approximations.

II. DIFFERENTIAL BRANCHING RATIO
A. B - Kn'

To estimate the branching ratio for B — K(z° — eey)y,
one must first determine the B — Kz° 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 — (V — Kz°)y, in which V is
any strange vector meson with the appropriate J© = 1~
quantum numbers. The first few such known mesons are
shown in Table 1.

Assuming short-distance dominance (operator O;),
the effective operator mediating the exclusive B — Vy
decay takes the form e¢**°BF,,0,V,, in which F,, is
the photon field strength. The corresponding amplitude
Au[B = Vy] ~ (=1)*6*|k,|mp, in which 1==£1,0
(x = 1) is the spin (helicity) of the vector meson
(photon) in the helicity basis. The subsequent V — Kz
amplitude is simply the usual spin-1 spherical harmonic,
A;[V = Kn| ~ pgldly(0k. ¢k ). Here |pg| (k,|) is the K
(y) momentum in the V (B) rest frame, and the helicity
angles O and ¢ are defined in Fig. 2. Because the 7° is
spin-0, ¢x will be unphysical in the B — K(z° — eey)y
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

dBr[B — (V- Kn%)y] 3

=_|F 2a3 29 ,
dcos Ogds 4z P ) Psin“0k

(2)
with the amplitude summed over resonances,
F(s)= Z{ [Br[B — Vy|Br[V — K7°]]'/2

14
X[ Pk (5)lk, ()] ]3/2\/m_v
P& (i), (m3)[] 51/

s—mi +imyTy

(3)

[2]. Isospin is assumed to determine Kz ™+ versus Kz°

Meson (V) Mass (GeV) Width (GeV) Br[BT — Vty] Br[V — Kz
K* 0.8917(2) 0.0514(8) 3.92(22) x 10~ S ~1/3
K*(1410) 1.414(15) 0.232(21) 27008 1075 2.2(4)%
K*(1680) 1.718(18) 0.322(110) 67E+ )) x 1075 12.9(8)%
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FIG. 2. Left: definition of the polar helicity angles O and ¢
in the V rest frame, for B — (V — Kr)y. Right: definition of the
polar helicity angles 6, and ¢, in the virtual photon rest frame,
for 1% = (y* — ee)y.

s € [(mg +m,)?, m3] denotes the virtual

V invariant mass, i.e., s=p}, while |px(s)|=
s+ =2 (s) —m, and |k, (s)| = (m} — s)/
(2mp). Note that in the narrow width limit for a single
resonance, [ ds|F(s)|> = = x Br[B — Vy|Br[V — Kxz]. In
Eq. (3), a simple Breit-Wigner parameterization for the
vector meson resonances is used, which is appropriate
since they lie well above the Kz threshold, i.e., [my —
(mg + m,)]/Ty > 1 (see Chapter 49 of Ref. [2]; see also
the discussion of more refined methods therein).

Here,

B. 7° — eey

Apart from B — K(7° — eey)y, the Keeyy final state
may also be accessed from the virtual photon/Z process
B — K(n° = yy)(y*/Z* — ee). These contributions may
be of comparable size, but the interference between them is
expected to be negligible, because in the former the eey
invariant mass is constrained to the narrow z° resonance,
while in the latter this constraint applies to the diphoton
mass. Thus we shall consider only the B — K(z° — eey)y
cascade, keeping in mind that our final result will likely be
an underestimate of the full B — Kz’y — Keeyy rate.
From the most conservative perspective, because the
photons in 7° — yy must have the same helicity, the virtual
y*/Z* contribution cannot interfere with the contribution
from B — K(z° — eey)y 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 z° — eey, neglecting subleading
radiative corrections in this discussion,

dlz — eey]  av/s' —4mi(m; — ')}
dcos0,ds’ 51272 f2m3s">/?

x [s'(cos 20, + 3) + 8m2sin6,], (4)

in which f is the effective decay constant of the (z/f)FF
operator, s’ € [4m2, m2] is the electron-positron invariant
mass, and 6, 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 7 — eey rate (1/T")dl"/dcos0,ds’.

In the full cascade B — (V — K(z° — eey))y, taking
the narrow width approximation for the z° resonance, the
full differential branching ratio is then composed as

dBr[B = (V = K(x" = cey))7]

dcosOgdsdcos0,ds’
__dBr[B— (V- Kn")y|Br[z — eey|dl'[x — eey] (5)
B dcosOyds [[z — eey] dcosf,ds'

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

1. SIMULATION

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

qgeco = (pB - pK)2

o, 5 Ex(mp+s)+2mplpgllk,| cosO
—mB+mK_ \/E ’

with Eg the energy of the kaon in the V rest frame.

I simulate the g, 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 Kz
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., g2.,—
imposing lab frame reconstruction or cut requirements.

A. B boost and Kz 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 py > 5 GeV and requiring the pseu-
dorapidity 2 < n < 5. The resulting B boost distribution of
the simulated sample is shown in Fig. 3. The mean boost in
this sample is (fy) ~ 20.5, which is very close to quoted
averages [17].

From the data in Table I, the square amplitude |F(s)|? is
shown in Fig. 4. When further normalized against K*
resonance contribution, the integral [ ds|F(s)|*/x ~ 1.95x
Br[B = K*y] x Br|[K* — K7°], so that approximately half
of the contribution to the branching ratio comes from the two
higher resonances. Rather than reweighting from a uniform
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0 50 100 150
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FIG. 3. Differential production cross section for B mesons in
the LHCb acceptance with respect to the B boost, fy.

[F(s)]? [GeV?]

1 2 3 4
s [GeV?]

(S
=

FIG. 4. Square amplitude, |F(s)|?, for the three vector meson
resonances in Table I.

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 Kz invariant mass, s. For
this purpose I create a sample of 10° 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/y(ee)Ks. 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

upstream

'
Bremsstrahlung [l
recovery region \\g

electron
track

- I

ECAL

FIG. 5. Schematic for upstream bremsstrahlung recovery at
LHCDb. Adapted with permission from Ref. [20], as reproduced in
Fig. 4.4 of Ref. [19].

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

[ Bdl] [GeV
deef ~(0.3 x |:1 Tm IpJ_| s

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 f 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 f Bdl ~
0.1 Tm in the estimate of the total angular displacement O .
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 64.; around
its truth lab frame momentum, p,; (ii) Because electrons
(positrons) bend in the +x (—x) direction, I further divide
the cone in the y — z plane and select the half-cone on the
~+x (—x) 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, pr, threshold for the leptons. The precise threshold is
not provided in the recent LHCb Rg+ analyses, however
Ref. [10] specifies

(7)

L031903-4
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min[pz(et), pr(e7)] > 0.5 GeV, (8)

which appears compatible with Figs. S2 of Ref. [4]. The
ECAL itself further has a finite resolution, that sets a lower
bound for .. 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 64 > 5 x 1073, 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 1 show the g2, = (pg — px)> normalized
distribution over the full range g2, € [m2, (mz — mg)?],
generated by B — K(n° — eey)y from the above simula-

tion. Multiplying by the normalization factor
F 2
N= /dSMBI‘[ﬂO —eey]~(3.0+£0.2) x 1077, (9)
7

yields the differential branching ratio, including only the
leading uncertainties from the V = K* contribution. I have
dropped the remaining uncertainties from the data in Table I
that enter into F(s), 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 — K(z° — eey)y are
misreconstructed as bremsstrahlung in the 1 < g2, <
6 GeV? signal regime is estimated as

1071 L
= 1072 L
=2
S~
=
m
o
<
=
—. B — Keeyy
1074 B Total
B Upstr. Brems. [0.1 Tm]
Upstr. Brems. [0.3 Tm]|
1077 : : ‘
0 5 10 15 20

@2 = (0 — pi)? [GeV]

FIG. 6. Normalized distributions with respect to g2, = (pp —
pk)? from the total B — K(7° — eey)y rate (red) over the full ¢>
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 R signal regime 1 < g, <
6 GeV? is shown by the gray band. Uncertainties are from MC
statistics alone.

(031 4 0.08)% [del ~0.1 Tm},
fmisreco - (10)

(12 +03)% [del ~03 Tm},

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 p; threshold is significant: Without this
cut, frisreco Would significantly increase to (1.7 +0.4)%
and (4.8 £0.7)%, for the conservative and plausible
bending power values, respectively. This suggests tighter
pr thresholds may entirely suppress the contribution from
misreconstructed B — K(7° — eey)y decays altogether.
Setting a lower bound @4; > 5 x 1073 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 #°
daughter photon is soft, below a conservative 75 MeV
threshold for bremsstrahlung recovery [19], leads to a
negligible increase in fpiseco-

The measured branching ratio Br[B™ — K'puu| =
1.2(1) x 1077 [25]. Taking this as a proxy for the true
BT — K*ee branching fraction assuming no LFUYV, then
the fractional enhancement in the measured BT — K*ee
with misreconstruction is

N (0.8 +0.2)% [del:O.l Tm},

BrlB” ~ Kl | 3.1 +08)% [[Bdi=03Tm].
(11)

Thus, one roughly expects in the SM the recovered ratio
could decrease to Rg°~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 7° — eey Dalitz decays of neutral pions produced in
b — sy processes may generate additional sources of uncer-
tainty in precision measurements of the LFUV ratios, R g, if
the photons are misreconstructed into the z° daughter leptons
as bremsstrahlung. In this note, an approximate Breit-Wigner
parametrization for the resonant contributions B — (V —
Kn°)y was combined with a conservative guesstimate of the
implementation for bremsstrahlung recovery at LHCb, to
produce an approximate simulation of the contributions to R
from misreconstruction of B — K(z° — eey)y. This simu-
lation suggests a LFUV background present at the percent
level in Ry from B — Kz alone, that could be as large as

L031903-5
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3%, depending on the magnetic bending power. For two
cases of f Bdl = 0.1 Tm and 0.3 Tm, the recovered ratio in
the SM would be expected to decrease to Rg°~0.99 £+
0.005 and 0.97 £ 0.01, respectively. The same effect, at the
same order of magnitude, may occur in Rg+~ measurements.
Other b — sy transitions involving (pseudo)scalars such as
B — Kh%, h° = 5,1/, ... may further enhance Ry, because
of their enhanced Dalitz decay to eey near the photon pole.
Whether modes such as B — Kz°z% may also contribute
similarly to Ry requires further study.

Keeping in mind that: (i) [ have likely underestimated the
B — Kn' branching ratio; (i) 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 Ry could O(1)
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 —
K(n° - eey)y background could be much lower than for
the signal, leading to a substantial suppression of the effect

on Rygw. A proper estimate of this effect will require
dedicated studies within experimental frameworks, not
only at LHCDb but also at Belle II.

If the effect is present, then precision measurements of
the LFUV ratios Ry will require improved theoretical
descriptions of B — Kz'p-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.

ACKNOWLEDGMENTS

I thank Florian Bernlochner, Marat Freytsis, Zoltan
Ligeti, Michele Papucci, and Maayan Robinson for dis-
cussions and for their comments on the manuscript. I
further thank Marat Freytsis for pointing out the possibility
of contributions from other modes such as B — Kz%2%,
and I thank the referees for their comments and observa-
tions, in particular pointing out the importance of pr
selections for the leptons. This work is supported by the
Office of High Energy Physics of the U.S. Department of
Energy under contract No. DE-AC02-05CH11231.

[1] M. Bordone, G. Isidori, and A. Pattori, Eur. Phys. J. C 76,
440 (2016).
[2] P. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys.
2020, 083CO01 (2020).
[3] R. Aaij et al. (LHCb Collaboration), arXiv:2103.11769.
[4] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 122,
191801 (2019).
[51 R. Aaij et al. (LHCb Collaboration), arXiv:2110.09501.
[6] C. Bobeth, G. Hiller, and G. Piranishvili, J. High Energy
Phys. 12 (2007) 040.
[7] S. Descotes-Genon, L. Hofer, J. Matias, and J. Virto, J. High
Energy Phys. 06 (2016) 092.
[8] G. Isidori, S. Nabeebaccus, and R. Zwicky, J. High Energy
Phys. 12 (2020) 104.
[9] R. Aaij ef al. (LHCb Collaboration), Phys. Rev. Lett. 113,
151601 (2014).
[10] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
08 (2017) 055.
[11] J. T. Wei et al. (Belle Collaboration), Phys. Rev. Lett. 103,
171801 (2009).
[12] A. Abdesselam et al. (Belle Collaboration), Phys. Rev. Lett.
126, 161801 (2021).
[13] S. Choudhury et al. (BELLE Collaboration), J. High Energy
Phys. 03 (2021) 105.

[14] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
102, 091803 (2009).

[15] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
06 (2021) 019.

[16] M. Calvo Gomez, E. Cogneras, O. Deschamps,
M. Hoballah, R. Lefevre, S. Monteil, A. Puig Navarro,
and V.J. Rives Molina, A tool for y/z° separation
at high energies, Technical Report No. LHCb-PUB-2015-
016, CERN-LHCb-PUB-2015-016, CERN, Geneva,
2015.

[17] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 116,
241601 (2016).

[18] E. Aguild, M. Calvo, and L. Garrido, Report Nos. LHCb-
2006-062, CERN-LHCb-2006-062, 2006.

[19] T. Mombiécher, Beautiful leptons—setting limits to New
Physics with the LHCb experiment (2020), presented 25
Nov 2020, 10.17877/DE290R-21750.

[20] D. A. Berninghoff, J. Albrecht, and V. Gligorov, Brems-
strahlung Recovery of Electrons using Multivariate
Methods, Technical Report No. LHCb-INT-2016-018,
CERN-LHCb-INT-2016-018, CERN, Geneva, 2016.

[21] H. Terrier and I. Belyaev, Particle identification with
LHCDb calorimeters, Technical Report No. LHCb-2003-
092, CERN, Geneva, 2003.

L031903-6


https://doi.org/10.1140/epjc/s10052-016-4274-7
https://doi.org/10.1140/epjc/s10052-016-4274-7
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://arXiv.org/abs/2103.11769
https://doi.org/10.1103/PhysRevLett.122.191801
https://doi.org/10.1103/PhysRevLett.122.191801
https://arXiv.org/abs/2110.09501
https://doi.org/10.1088/1126-6708/2007/12/040
https://doi.org/10.1088/1126-6708/2007/12/040
https://doi.org/10.1007/JHEP06(2016)092
https://doi.org/10.1007/JHEP06(2016)092
https://doi.org/10.1007/JHEP12(2020)104
https://doi.org/10.1007/JHEP12(2020)104
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1103/PhysRevLett.113.151601
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1007/JHEP08(2017)055
https://doi.org/10.1103/PhysRevLett.103.171801
https://doi.org/10.1103/PhysRevLett.103.171801
https://doi.org/10.1103/PhysRevLett.126.161801
https://doi.org/10.1103/PhysRevLett.126.161801
https://doi.org/10.1007/JHEP03(2021)105
https://doi.org/10.1007/JHEP03(2021)105
https://doi.org/10.1103/PhysRevLett.102.091803
https://doi.org/10.1103/PhysRevLett.102.091803
https://doi.org/10.1007/JHEP06(2021)019
https://doi.org/10.1007/JHEP06(2021)019
https://doi.org/10.1103/PhysRevLett.116.241601
https://doi.org/10.1103/PhysRevLett.116.241601
https://doi.org/10.17877/DE290R-21750

LEPTON UNIVERSALITY VIOLATION FROM NEUTRAL PION ...

PHYS. REV. D 105, L031903 (2022)

[22] M. Losasso, F. Bersgma, W. Flegel, P. A. Giudici,
J. A. Hernando, O. Jamet, R. Lindner, J. Renaud, and
F. Teubert, IEEE Trans. Appl. Supercond. 16, 1700
(20006).

[23] S. Amato et al. (LHCb Collaboration), LHCb
calorimeters: Technical Design Report, Technical design

Report No. CERN-LHCC-2000-036, LHCb-TDR-2,
LHCb, CERN, Geneva, 2000.

[24] C. Abelldn Beteta, CERN Report No. CERN-LHCb-DP-
2020-001, 2020, arXiv:2008.11556.

[25] R. Aaij et al. (LHCb Collaboration), J. High Energy Phys.
06 (2014) 133.

L031903-7


https://doi.org/10.1109/TASC.2005.869655
https://doi.org/10.1109/TASC.2005.869655
https://arXiv.org/abs/2008.11556
https://doi.org/10.1007/JHEP06(2014)133
https://doi.org/10.1007/JHEP06(2014)133



