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The NA62 experiment at CERN, configured in beam-dump mode, has searched for dark photon decays
in flight to electron-positron pairs using a sample of 1.4 × 1017 protons on dump collected in 2021. No
evidence for a dark photon signal is observed. The combined result for dark photon searches in lepton–
antilepton final states is presented and a region of the parameter space is excluded at 90% confidence level,
improving on previous experimental limits for dark photon mass values between 50 and 600 MeV=c2 and
coupling values in the range 10−6 to 4 × 10−5. An interpretation of the eþe− search result in terms of the
emission and decay of an axionlike particle is also presented.
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Introduction—The prevalence of dark matter over ordi-
nary matter, one of the unsolved puzzles of the Universe,
has inspired various extensions of the standard model
(SM). Some of these predict the existence of an additional
U(1) gauge-symmetry sector with a vector mediator field A0
known as a “dark photon”.
Minimalistic dark photon models [1,2] introduce the A0

field with massMA0 , which interacts with the gauge field B
associated with the SM U(1) symmetry through kinetic
mixing, with its strength characterized by the coupling
constant ε. The dark photon may also interact with addi-
tional fields in the dark sector. Under the assumption that
MA0 is lower than twice the mass of the lightest state in the
dark sector, the dark photon decays to SM particles only.
Cosmological constraints on the thermal relic density of
dark matter favor a dark photon mass range from 1 to
1000 MeV=c2, together with ε within the range 10−6 to
10−3 [3–5]. In this range of parameters, the decay length of
dark photons with momenta exceeding 10 GeV=c vary
from tens of centimeters to hundreds of meters. For masses
below 700 MeV=c2, the primary contribution to the dark
photon decay width arises from dilepton final states [6].
Dark photon searches in beam-dump experiments exhibit
superior sensitivity within the above parameter space
region compared to searches at colliders or in meson
decays. An extensive survey of the experimental methods
is presented in [7].
Proton interactions in the dump can produce dark

photons by two mechanisms, bremsstrahlung and decays

of secondary neutral mesons. The former case is interpreted
as a scattering process in the Fermi-Weizsäcker-Williams
approximation [8] where a virtual photon is exchanged
between the primary proton and a nucleus, resulting in a
dark photon and a scattered proton in the final state. In the
latter process, a dark photon is emitted alongside a photon
or a neutral meson [9]. Decays of π0, η, η0, ρ, ω, ϕ mesons
are relevant for this analysis.
The search for a dark photon decaying into eþe− is

described here. The result of this search in combination
with a previous result [10] for the A0 → μþμ− decay is
presented.
Axionlike particles (ALPs) are hypothetical pseudosca-

lar particles arising in many extensions of the SM. A
scenario of emission of an ALP coupled to the SM
fermionic fields is also considered. In proton-nucleus
collisions, an ALP a can be produced in the decays of
charged and neutral B mesons as pN → BX, follwed by
B → Kð�Þa [11], whereK� is theK�ð892Þ resonance. In this
work, a general scenario where the coupling of ALPs to
SM fermions is not uniform (meaning the coupling to
leptons could be different from the coupling to quarks) is
addressed.
Beamline and detector—Figure 1 illustrates the NA62

beamline and detector layout. A comprehensive description
of these components can be found in [12]. In standard
operation, kaons are produced by 400 GeV=c protons
extracted from the CERN SPS impinging on a beryllium
target. In dump-mode operation, the beryllium target is
removed, and the protons interact in a 3.2 m long absorber
(TAX) equivalent to 19.6 nuclear interaction lengths. The
origin of the coordinate system is in the center of the target.
The Z axis points in the proton beam direction, the Y axis
points upwards, and the X, Y, Z axes form a right-handed
system. The mean position of the primary protons at the
TAX entrance is ð0;−22 mm; 23 mÞ.
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The momenta and directions of charged particles within
the fiducial volume (FV) are measured by a magnetic
spectrometer (STRAW). A quasihomogeneous liquid kryp-
ton electromagnetic calorimeter (LKr) and a muon detector
(MUV3) are used for particle identification. Twelve ring-
shaped lead-glass detectors (LAV1–12) record activity
originating from secondary interactions. Two scintillator
hodoscopes, NA48-CHOD and CHOD, provide trigger
signals and time measurements for charged particles
with 200 and 800 ps resolution, respectively. The ANTI0
scintillator hodoscope [13] is used to detect charged
particles produced upstream of the FV. Further details of
the beam-dump mode operation are given in [10].
Analysis strategy and event selection—The search is

based on the data sample collected in a 10-day period in
2021, corresponding to 1.4 × 1017 protons on TAX (POT).
Three trigger lines were implemented: Q1 required at least
one signal in the CHOD, downscaled by a factor of 20; H2
required in-time signals in two CHOD tiles; and a control
trigger required an LKr energy deposit above 1 GeV.
Two-track final states triggered by the H2 condition are

considered. Each track reconstructed by the STRAW must
satisfy the following criteria: momentum p > 10 GeV=c;
extrapolated positions at the front planes of NA48-CHOD,
CHOD, LKr, MUV3 within the geometrical acceptance of
each detector; extrapolated positions at the first STRAW
chamber and LKr front planes isolated from those of other
tracks. Each track must be associated with a CHOD signal
compatible in space and time. The track time is defined
using the time of the associated NA48-CHOD signal if
present, otherwise using the time of the associated CHOD
signal. Track times must be within 5 ns of the trigger time.
Tracks spatially compatible and in-time with an ANTI0
signal or in-time with a LAV signal are rejected.
Any MUV3 signal within a momentum-dependent

search radius around the extrapolated track position and
within 5 ns of the track time is associated with the STRAW
track. An LKr energy deposit E > 1 GeV is associated

with the track if it is in-time and spatially compatible,
accounting for possible bremsstrahlung-induced energy
deposits. Tracks with an associated MUV3 signal and
E=p < 0.2 are identified as muons. Tracks without
associated MUV3 signals, with ðE=pÞmin < E=p < 1.05
are identified as electrons, where ðE=pÞmin ¼ 0.95 for
p < 150 GeV=c and decreases with momentum otherwise.
Two time-coincident tracks consistent with originating

from a common point form a vertex. The presence of
exactly one two-track vertex is required, regardless of the
total number of tracks in the event. The vertex time is
evaluated as the mean time of the two tracks. The vertex
position is obtained by the backwards extrapolation of the
tracks, accounting for the residual magnetic field in the FV.
The data distribution of the vertex longitudinal coordinate
(Zvtx) and radial position in the transverse plane (ρvtx) is
shown in Fig. 2, without the particle identification (PID)
criteria applied. This distribution is dominated by secon-
dary interactions in LAV1–5 and in the front vacuum-tank
window. Most reconstructed vertices originate from sec-
ondary interactions in LAV5 (Z ≃ 152 m). LAV6–12 have

FIG. 1. Schematic side view of the NA62 setup in 2021. Information from KTAG, GTK, CHANTI, MUV1,2, IRC, and SAC is not
used in this analysis. Not all beam elements are shown.

FIG. 2. Distribution of two-track vertex positions in the plane
(Zvtx, ρvtx) for data events, without particle identification require-
ments. The black contour defines the restricted FV.
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larger inner radii (Fig. 1) and do not block the resulting
particles. It is required that the vertex is reconstructed in the
restricted FV, defined as shown in Fig. 2, to reject these
interactions.
The position of the A0 production point is evaluated as

the point of closest approach between the A0 line of flight,
defined by the two-track vertex position and total momen-
tum direction, and the beam line, parallel to the Z axis and
defined by the average impact point of the primary protons
in the TAX. The signal region (SR) is defined as an ellipse
in the plane of the Z coordinate (ZTAX) and the distance
between the two lines (CDATAX):

SR∶
�
ZTAX½m� − 23

12

�
2

þ
�
CDATAX½m�

0.03

�
2

< 1: ð1Þ

This condition reduces the signal acceptance by 1.7% as
shown by simulation. The control region (CR) used to
validate the background estimate is the area outside SR that
satisfies:

CR∶ − 4< ZTAX < 50 m and CDATAX < 0.15 m: ð2Þ

Both SR and CR are kept masked until validation of the
background estimate. The data distribution of eþe− vertices
in the plane ðZTAX;CDATAXÞ, after applying the full
selection except for the LAV and ANTI0 veto conditions,
is shown in Fig. 3. The full selection removes all events
outside SR and CR.
Backgrounds—Mesons produced by proton interactions

in the TAX generate a flux of “halo” muons. The dominant
background involves vertices in which both particles are
created by the same halo muon interacting with the material
along the beamline (prompt background). A control data
sample is constructed from muons satisfying the Q1 trigger
and not the H2 trigger. These muons are extrapolated
backwards using PUMAS [14] to the upstream plane of the
B5 magnet (Fig. 1) and are used as input to a GEANT4-based

Monte Carlo (MC) simulation [15]. The resulting events
constitute the prompt background sample, which is sub-
jected to the signal selection. The size of this control
sample is equivalent to that of the data sample. The
expected number of eþe− vertices reconstructed in the
restricted FV derived from this sample has a relative
systematic uncertainty of 50% arising from the limited
accuracy of the backward extrapolation and forward
propagation.
Another possible source of background is the random

pairing of eþ and e− tracks originating from different
primary proton interactions. The combinatorial background
component is evaluated using a data-driven approach, with
events triggered by the Q1 condition. This approach
considers all possible sources of single electrons, including
decays and interactions of secondary mesons occurring in
the FV, or close to its boundary. Single tracks are paired
within a 10 ns time window, building pseudoevents. For
each event, the vertex is reconstructed as in the signal
selection, and the event is assigned a weight that accounts
for the time window and the downscaling factor of the
Q1 trigger. This background is found to be an order of
magnitude smaller than the prompt background, and is
therefore neglected.
Backgrounds from neutrino interactions and KL decays

are negligible with respect to the prompt background.
Tracks with PID other than eþ or e− have been recon-
structed in the data sample. These extrapolate backwards
either to one of the LAV stations (excluded from the FV
definition) or to the upstream region and are vetoed by the
ANTI0. Finally, the number of μπ, μe and ππ vertices
reconstructed in the data sample agrees with the expect-
ation derived from the prompt background MC sample.
The expected numbers of background events in CR and

SR are calculated using a combination of frequentist and
Bayesian techniques. The rejection factors of the LAV and
ANTI0 veto conditions and the CR and SR selection
requirements are defined as the proportion of eþe− vertices
discarded by the corresponding conditions. The posterior
probability distribution function (pdf) of each rejection
factor is computed from the prompt background sample,
assuming a uniform prior and a beta function likelihood.
Pseudoexperiments are generated, sampling independently
the number of events in the FV and the rejection factors.
The expected numbers of background events are

NCR
bkg ¼ 9.7þ21.3

−7.3 × 10−3; NSR
bkg ¼ 9.4þ20.6

−7.2 × 10−3; ð3Þ

where the uncertainties are quoted at 68% confidence
level (CL).
Statistical analysis and results—The signal simulation,

the uncertainty and efficiency of the signal selection and the
expected A0 yield are discussed extensively in Appendix A.
The dominating source of uncertainty in the A0 yield is
given by the number of primary protons impinging on the

FIG. 3. Data distribution in the plane ðZTAX;CDATAXÞ for
eþe− vertices without applying the LAV and ANTI0 veto
conditions. CR and SR are masked.
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TAX and is estimated to be 20%. Additionally, factors
such as the size of the signal MC sample and various
reconstruction parameters induce a 2.9% uncertainty in the
signal selection efficiency. After unmasking the CR, no
events are observed, in agreement with the 98.3% proba-
bility of observing no counts in the null hypothesis. After
unmasking the SR, no events are observed, in agreement
with the 98.4% probability of observing no counts in the
null hypothesis. The exclusion limits obtained are derived
using the CLs method [16] on a grid of A0 mass and
coupling values. The test statistic is the profile likelihood
ratio [17]:

q ¼ −2 ln
Lsþb

Lb
; ð4Þ

where

Lsþb ¼ ρðθjθ̃Þ e
−½sðθÞþbðθÞ�

N

Y
i

�
sðθÞfsðxi;MA0 ; εÞ

þ bðθÞfbðxi;MA0 ; εÞ� ð5Þ

is the likelihood of the observed data under the signal-
plus-background hypothesis. The product runs over the
observed events. The terms sðθÞ and bðθÞ are the numbers
of signal and background events in the SR, respectively.
The functions fs and fb are the signal and background pdfs
of the reconstructed mass of the two leptons, xi. The
symbol θ collectively denotes the nuisance parameters: the
number of protons on TAX and the expected number of
signal and background events in SR. The functions ρðθjθ̃Þ,
where θ̃ contains the default values of the nuisance para-
meters, are the systematic error pdfs. These are interpreted
as posteriors derived from simulations. The specific func-
tional forms of all pdfs are given Appendix B.

The likelihood of the data under the background-
only hypothesis, Lb, has a similar form, with the signal-
related components removed. The exclusion contour is
obtained by fitting q to the observation, for each value of
MA0 and ε, maximizing separately the numerator and
denominator with respect to the nuisance parameters.
Pseudoexperiments are generated under both signal-only
and signal-plus-background hypotheses, using the respec-
tive fitted values θ. The same test statistic is computed for
each pseudoexperiment. The distributions of q under these
hypotheses are used in the CLs method to decide whether a
specific ðMA0 ; εÞ point is excluded or not at a desired
confidence level. The observed and expected exclusion
contours at 90% CL, and the expected�1σ and�2σ bands,
in the ðMA0 ; εÞ plane are shown in Fig. 4. Previous
results [8,18–30], adapted from the DarkCast package [31],
and supernova exclusions [32] are shown as grey areas.
The combination of this A0 → eþe− result with the NA62

A0 → μþμ− result [10] is performed with the same test statis-
tic but with total likelihoods expressed as products of contri-
butions from the individual A0 decay channels. The number
of protons on TAX is common to both channels, therefore
its pdf enters only once in the likelihood function. The
exclusion regions obtained at 90% CL are shown in Fig. 4.
The interpretation of this eþe− result in terms of the

emission of ALPs in b → s transitions is shown in Fig. 5 for
a set of ALP mass values. A model-independent approach
is used, where the ALP lifetime τa, the mass Ma and the
product BRðB → Kð�ÞaÞ × BRða → eþe−Þ are the free
parameters [11]. Here, BRðB → Kð�ÞaÞ stands for the
sum of these branching ratios of B meson decays (Bþ,
B0 and their antiparticles) weighted by the corresponding
production yields in proton-nucleus interaction obtained
from the PYTHIA8.2 [33] simulation used in [11]. The same
notation was adopted in [10]. The result is found to improve
on previous limits in a mass range from 10 to 800 MeV=c2.

FIG. 4. Observed and expected exclusion contours, at 90% CL, in the plane ðMA0 ; εÞ for the A0 → eþe− analysis (left) and the
combined A0 → eþe− and A0 → μþμ− analyses (right) together with the expected�1σ (green) and�2σ (yellow) bands. Previous results,
including the recent FASER result [25] are shown in gray. The NA62 A0 → μþμ− result [10] is shown with a dot-dashed line in the
right panel.
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Conclusion—A search for the decay of a dark photon to
the eþe− final state utilizing data taken in beam-dump
mode at the NA62 experiment in 2021 is presented. No
event is found in the signal region. A statistical combina-
tion with a previous search for the μþμ− final state by NA62
is performed, extending the previous exclusion limits on
dark photons in the mass range from 50 to 600 MeV=c2

and coupling constant range 10−6 to 4 × 10−5. The
excluded region is compatible with thermal relic density
constraints. The interpretation of the eþe− result in terms of
the emission of ALPs coupled to the SM fermionic field is
also performed, extending the excluded regions in a mass
range from 10 to 800 MeV=c2.
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Backward Monte-Carlo applied to muon transport, Comput.
Phys. Commun. 229, 54 (2018).

[15] J. Allison et al., Recent developments in GEANT4, Nucl.
Instrum. Methods Phys. Res., Sect. A 835, 186 (2016).

[16] T. Junk, Confidence level computation for combining
searches with small statistics, Nucl. Instrum. Methods Phys.
Res., Sect. A 434, 435 (1999).

[17] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011).

[18] E. M. Riordan et al., Search for short-lived axions in an
electron-beam-dump experiment, Phys. Rev. Lett. 59, 755
(1987).

[19] M. Davier and H. Nguyen Ngoc, An unambiguous search
for a light Higgs boson, Phys. Lett. B 229, 150 (1989).

[20] J. Blümlein et al., Limits on the mass of light (pseudo)scalar
particles from Bethe-Heitler eþe− and μþμ− pair production
in a proton-iron beam dump experiment, Int. J. Mod. Phys.
A 07, 3835 (1992).

[21] S. Andreas, C. Niebuhr, and A. Ringwald, New limits on
hidden photons from past electron beam dumps, Phys. Rev.
D 86, 095019 (2012).

[22] J. P. Lees et al. (BABAR Collaboration), Search for a dark
photon in eþe− collisions at BABAR, Phys. Rev. Lett. 113,
201801 (2014).

[23] J. Batley et al., Search for the dark photon in π0 decays,
Phys. Lett. B 746, 178 (2015).

[24] D. Banerjee et al. (The NA64 Collaboration), Improved
limits on a hypothetical Xð16.7Þ boson and a dark photon
decaying into eþe− pairs, Phys. Rev. D 101, 071101 (2020).

[25] H. Abreu et al., Search for dark photons with the FASER
detector at the LHC, Phys. Lett. B 848, 138378 (2024).

[26] S. N. Gninenko, Stringent limits on the π0 → γX, X → eþe−
decay from neutrino experiments and constraints on new
light gauge bosons, Phys. Rev. D 85, 055027 (2012).

[27] R. Essig, P. Schuster, N. Toro, and B. Wojtsekhowski, An
electron fixed target experiment to search for a new vector
boson A0 decaying to eþe−, J. High Energy Phys. 02 (2011)
009.

[28] R. Aaij et al. (LHCb Collaboration), Search for dark
photons produced in 13 TeV pp collisions, Phys. Rev.
Lett. 120, 061801 (2018).

[29] A. Konaka et al., Search for neutral particles in electron
beam dump experiment, Phys. Rev. Lett. 57, 659 (1986).

[30] R. Essig, R. Harnik, J. Kaplan, and N. Toro, Discovering
new light states at neutrino experiments, Phys. Rev. D 82,
113008 (2010).

[31] P. Ilten, Y. Soreq, M. Williams, and W. Xue, Serendipity in
dark photon searches, J. High Energy Phys. 06 (2018) 004.

[32] J. H. Chang, R. Essig, and S. D. McDermott, Revisiting
Supernova 1987A constraints on dark photons, J. High
Energy Phys. 01 (2017) 107.

[33] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA8.2, Comput. Phys.
Commun. 191, 159 (2015).

[34] J. Dorenbosch et al. (CHARM Collaboration), A search for
decays of heavy neutrinos in the mass range 0.5–2.8 GeV,
Phys. Lett. 166B, 473 (1986).

[35] R. L.Workman et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2022, 083C01 (2022).

[36] B. Döbrich, J. Jaeckel, and T. Spadaro, Light in the beam
dump. Axion-like particle production from decay photons in
proton beam-dumps, J. High Energy Phys. 05 (2019) 213.

[37] W. Verkerke and D. P. Kirkby, The RooFit toolkit for data
modeling, eConf C0303241, MOLT007 (2003) [arXiv:
physics/0306116].

End Matter

Appendix A: Signal yield and selection efficiency—
The expected A0 yield for given values of the mass and
coupling constant is expressed as

Nexp ¼ NPOT × PðpN → A0Þ × PD

× BRðA0 → lþl−Þ × Asel; ðA1Þ

where NPOT is the number of primary protons impinging
on the TAX, PðpN → A0Þ is the A0 production
probability per proton, PD is the probability for the dark
photon to decay within the fiducial volume, BRðA0 →
lþl−Þ is the branching ratio of the A0 decay to a lepton
pair and Asel is the combined selection and trigger
efficiency.
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For every spill, the quantity NPOT is determined by
measuring the proton beam flux. This measurement is
performed using a titanium-foil secondary-emission mon-
itor positioned at the target location. The uncertainty on
NPOT is deduced from the operational experience of these
monitors and is estimated to be 20%. This estimation is
confirmed by NA62 kaon decay dataset: the count of
selected Kþ → πþπþπ− decays matches the expected
number based on the measured proton flux within 20%.
The uncertainty on the A0 yield in the case of production

by bremsstrahlung is given mainly by the uncertainty on the
pp scattering cross section, which is 1%, as estimated from
the available data [35]. The branching ratio of neutral
meson decays with A0 in the final state is evaluated as in [9].
The yield of various neutral mesons in pp interactions atffiffiffi
s

p ¼ 28 GeV contributing to the A0 yield is evaluated with
PYTHIA8.2 [33]. The meson production cross sections have
been validated against data and their uncertainties are
estimated to be at the 20% level [36]. The A0 probability
to decay within the fiducial volume is computed for each
considered point in the parameter space. The A0 → eþe−
decay branching ratio is evaluated according to [6].
Monte Carlo simulations of A0 production and decay are

used to evaluate the combined selection and trigger
efficiency at selected values in the ðMA0 ; εÞ plane. The
A0 mass is varied from 5 to 700 MeV=c2, and the A0 is
forced to decay within the fiducial volume using a uniform
decay distribution. Each event is weighted by the decay

FIG. 6. Selection and trigger efficiency (color scale) for the
A0 → eþe− in the plane ðMA0 ; εÞ. The bremsstrahlung (meson-
mediated) production mode is shown in the top (bottom) panel.

FIG. 7. Expected number of events in SR (color scale) for the
A0 → eþe− decay in the plane ðMA0 ; εÞ. The bremsstrahlung
(meson-mediated) production mode is shown in the top (bottom)
panel. The black contour corresponds to 2.3 events.

FIG. 8. Mass resolution (color scale) in the plane ðMA0 ; εÞ. The
top (bottom) panel refers to bremsstrahlung (meson-mediated)
production.
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probability PD, which depends on the coupling constant ε.
The efficiencies are shown in Fig. 6.
The expected A0 → eþe− yield is shown in Fig. 7. For

comparison, Fig. 11 of [10] displays the same quantities for
the A0 → μþμ− channel. The bremsstrahlung production
mode is dominant, therefore the total uncertainty on the
yield is dominated by the uncertainty on the number of
primary protons impinging on the TAX.
The A0 mass resolution, σMA0 , depends on bothMA0 and ε,

and differs by production and decay channel. Figure 8
displays this quantity for the A0 → eþe− signal and Fig. 12
of [10] for A0 → μþμ−.
Table I summarizes the uncertainties affecting the signal

selection efficiency. The contribution of each source is
assessed via a combination of control samples and simu-
lation. The simulation contribution represents a typical
value, as it varies with MA0 and ε.

Appendix B: Probability distribution functions used in
the likelihoods—All pdfs used in the likelihoods are
defined using the ROOFIT package [37]. In each point of
the ðMA0 ; εÞ grid used in the determination of the exclu-
sion region, the signal pdfs of the reconstructed dilepton
invariant mass are normal distributions, centred in MA0

and with standard deviation equal to σMA0 (Fig. 8 for the
A0 → eþe− channel and Fig. 12 of [10] for A0 → μþμ−).
The background pdf for the dimuon channel is defined as
a linear combination of elements in the Bernstein
polynomial basis of degree five, with coefficients

c ¼ �
1.886 × 10−2; 1.945 × 10−1; 9.183 × 10−1;

2.769 × 10−1; 1.196 × 10−1; 6.845 × 10−2
�
; ðB1Þ

and by a Landau function with location and shape
parameters 14.86 and 3.48 MeV=c2, respectively, for the
eþe− channel.
The pdf of the number of protons on TAX is a log-

normal distribution with median 1.4 × 1017 and shape
parameter 1.2. The background yields are modeled by
log-normal distributions as well. The median and shape
parameters for the μþμ− channel are 0.016 and 1.125,
respectively. For the eþe− channel, the parameters are
0.0094 and 4.0.
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