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Dark sector models present a rich phenomenology that requires high-intensity beams and precision
detectors for thorough exploration. The NA62 experiment has already published several constraints on
dark sector models, leveraging proton beam dump and meson decay techniques. This proposal aims to
demonstrate the NA62 detector discovery potential for dark sector candidates by using the positron-on-
target technique. High-intensity secondary positron beams, reaching up to ~150 GeV energy, have already
been produced at the North Area extracted beam lines. If a positron beam with an intensity in the range of
2 x 10' positrons on target per year is delivered, the NA62 detector would be ideal for searches of dark
sector particles in both visible and invisible decay channels. Additionally, positron on target collisions
would enable precision measurements of key standard model observables, including a detailed scan of
o(ete —» ntn~) and 6(ete™ — putu™) at the di-pion and di-muon production threshold, with discovery
potential for the True Muonium (¢ ™) bound state.
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I. INTRODUCTION

Accelerating primary positrons to the energy range of
hundreds of GeV is a challenging and costly endeavor. In
2018, an Expression Of Interest (SPSC-EOI-018) was
submitted to the CERN SPSC Scientific Committee for
the development of an electron beam facility at the Super
Proton Synchrotron (SPS) accelerator. The project pro-
posed generating an extracted high-intensity 16 GeV elec-
tron beam after accelerating electrons in the SPS [1]. In
contrast, secondary electron or positron beams, produced
as by-products of proton collisions, can benefit from
the existing high-energy proton machines at CERN. At
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CERN’s North Area (NA), extracted beam lines routinely
produce electrons with energies of ~100 GeV from the
400 GeV protons of the SPS for the NA64 experiment [2].
However, the intensity and purity of the secondary positron
beams have so far been the main limiting factors for
positron-on-target experiments [3].

Positron-on-target collisions have proven to be an
effective strategy for dark sector particles searches, thanks
to the increased number of available production mecha-
nisms, in particular the resonant annihilation of positron-
electron into a dark sector boson [4]. More recently, it has
been highlighted that the motion of electrons within high-Z
target materials allows experiments to significantly surpass
the center-of-mass (c.m.) energy limit \/2m,Epeam [5,0] of
annihilation-driven processes, which is typically imposed
by the electron-at-rest condition in fixed-target experi-
ments. In addition, the ability of associated production
to enhance dark sector particle production rates in inter-
mediate mass ranges makes positrons the preferred beam
over electrons. Finally, to explore leptophilic dark sector

Published by the American Physical Society
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FIG. 1. Schematic of the CERN North area extracted beam lines [10].

models, lepton-based production mechanisms are required,
making searches with positron beams complementary to
those based on protons.

In this paper, we will illustrate how high-energy and
high-intensity positron beams can be produced in the
CERN North Area and how a new project NA62e+,
reusing the NAG62 detector, can achieve outstanding
sensitivity to dark sector particles across a variety of
scenarios.

All limits presented in this proposal are evaluated under
the background-free hypothesis. More detailed simulations
will be performed in future studies once the feasibility and
the maximum achievable intensity of the beam line have
been clarified.

The exclusion limits obtained will complement those of
the Beam Dump Facility/SHiP program [7], both in terms
of model constraints and the coverage of the energy-
coupling parameter space.

Using a positron beam with a momentum of
80-100 GeV, NA62e+ will also be able to measure the
hadronic cross section in the /s range up to 300 MeV,
where measurements at circular colliders suffer from
particularly large statistical and systematic uncertainties.
These cross sections, particularly o(ete™ — ztz7), are
well known to be crucial theoretical inputs for the pre-
diction of (g —2),.

By adjusting the positron beam to a slightly lower
momentum of ~45 GeV, the NA62e+ experiment will
be able to make precise measurements of the cross section
for eTe™ — pTu~, which has been proposed as a muon
production scheme for the muon collider [8]. Additionally,
during a dedicated run using a multi-target system and an
upstream tracker, NA62e+ could potentially achieve the
first observation of true muonium atoms using techniques
similar to the ones in [9].

II. THE NORTH AREA BEAM LINES AND THE
NA62 DETECTOR

In this section, we will describe the key aspects of the
North Area beam line and NA62 detectors that are relevant
to the following discussion.

The ECN3 experimental hall, located 15 m underground
(see Fig. 1), is part of the North Area complex at the CERN
Prevessin site. The complex is composed of a number of
experimental facilities and lines making use of secondary
and tertiary beams produced from the high-intensity proton
beam extracted from the SPS; in particular, ECN3 is served
by the K12 beamline. After the slow extraction from SPS,
protons are split into three branches by means of two beam
splitters directed toward three different targets: T2, T4, and
T6, located in the TCC2 target hall (see Fig. 1). Primary
protons not interacting in the T4 target are transported by
the P42 transfer line over almost 900 meters to the T10
target located in the target hall TCCS8. The T10 target is
the starting point of the K12 beam line, which delivers the
high-intensity, unseparated secondary hadron beam to the
NAG62 experiment located in the downstream experimental
hall ECN3.

A schematic of the CERN North Area beam lines is
shown in Fig. 1. A more comprehensive description of the
P42 and K12 beam lines can be found in [11]. The T6 target
system and the M2 beam line produce the high-intensity
muon beam for the NA64u, MUonE, and AMBER experi-
ments. The T6 target receives the highest proton flux
among all the North Area targets, with up to ~1.5 x 103
protons per pulse.

A. The K12 beam line

The K12 beam line is located downstream of the P42
transfer line. It has been designed to provide a high

032014-2



DARK SECTOR SEARCHES WITH HIGH-INTENSITY POSITRON ...

PHYS. REV. D 113, 032014 (2026)

Focusing &
Sweeping Magnets

e

Cherenkov |

Kaon Tagger o
Target Tracker V?I'cal::lj(m
‘\\\ T/ Veto Counter TSANTIH
T AT IR [ N I B |
0 510 50 100
Z[m]

FIG. 2. A schematic view of the K12 beam-line [12].

intensity 75 GeV kaon beam to the NA62 experiment.
Figure 2 represents a schematic view of the K12 beam line.
The K12 mixed hadron beam is produced by the interaction
of the SPS primary protons with the T10 target made of
4 x 100-mm-long beryllium rods.

The beam is then focused onto a pair of dump collima-
tors, known as TAX (target attenuator experimental
areas), made of massive copper and steel blocks. A set
of four strong dipoles surrounding the TAX (the “first
achromat®) ensures the selection of secondary particles
with a momentum of 75 GeV with a 1.1% RMS resolution.
Off-momentum and neutral particles are absorbed into
the TAX. Positrons produced in the proton collisions are
attenuated using a thin tungsten converter. After additional
sweeping, magnets and collimators are used to reduce the
muon halo, the kaon component of the unseparated hadron
beam is identified by the KTAG Cherenkov detector. In
the “second achromat” region, a section of the beam is
deflected downward by a set of dipoles, and its momentum
is measured by four silicon pixel detectors known as the
GigaTracker with a resolution of 0.2%. A thorough
description of the beam line can be found in [11].

B. The NA62 experiment

The NA62 experiment, located in CERN’s North Area,
is a fixed-target experiment designed to measure the
extremely rare decay K+ — ztvp. With a SM branching
ratio as small as 8 x 107!, this decay requires a back-
ground rejection of the order of ~10'" to be identified. To
achieve this challenging goal, NA62 is equipped with high-
precision, redundant detectors, which can be categorized
into several groups:

(a) Particle identification detectors: KTag, RICH, LKr
calorimeter

(b) Photon veto detectors: LAV, LKr and SAC, IRC

(c) Charged particle veto detectors: CHANTI, MUYV,
HASC

(d) Energy and momentum measuring detectors: LKr
calorimeter and straw tracker.

The layout of the detector is shown in Fig. 3. Kaon decays

are reconstructed within a vacuum decay region over

70 meters long. The detector boasts an unprecedented

photon and charged track rejection capability, below the

1 x 10~* level, and enables precise measurement of the

four-momentum of both photons and charged particles. The

particle identification system, consisting of the RICH

detector, downstream calorimeters, and muon veto, allows

for pion-muon-electron separation down to the 107> level.

The NAG62 detector has already been successfully
employed for dark sector searches, both in kaon decays
[14,15] and in dump mode [16]. The current data acquis-
ition (DAQ) system can handle a Level O trigger rate of over
10 MHz, which is expected to be significantly higher with
respect to positron mode operation requirements. A com-
prehensive description of the detector and its performance
is beyond the scope of this paper; however, detailed
information on individual detector components and their
performance can be found in [13].
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FIG. 3.

NAG62 experiment layout [13].
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II1. POSITRON BEAMS IN THE CERN
NORTH AREA

This section aims to provide a rough estimate of the
number of positrons that could be produced in the CERN
North Area (NA) during the Beam Dump Facility (BDF/
SHiP) era after the LHC Long Shutdown 3 (LS3). Positron
beams are already routinely produced, e.g., from the T2
target, and have been successfully used by the NA64
experiment [17] in the H4 beam line (see Fig. 1). Never-
theless, the number of protons per pulse is constrained by
radiation protection requirements in the surface hall and by
the need to share the T2 target among two beam lines,
which also limits the maximum deliverable flux relative
to the potential production capacity. The availability of
positron beams motivates the study of the physics goals of a
positron-on-target experiment that could fully exploit the
maximum available production rate, assuming a dedicated
beam line with a proton rate of a few x10'3 protons per
pulse (ppp). Identifying production techniques and opti-
mizing hadron contamination will require a dedicated study
by the CERN accelerator division and is outside the scope
of this paper. The figures presented here are intended only
as indicative estimates of the positron flux for the sub-
sequent physics case study.

A. Positron production rates in targets

To estimate the number of positrons that could be
produced in the CERN NA, we start with the annual
proton delivery figures outlined in the recent report “Post-
LS3 Experimental Options in ECN3” [10]. The last three
rows of Table I summarize the data from Table 1 of [10]. In
the first row, we included an estimate of the current
maximum achievable proton flux based on the flux reached
at T10 during the NA62 proton beam dump operation in
2024 and the total number of spills delivered during the
2024 run (approximately 600 x 10°).

The next ingredient for our calculation is the positron
yield per proton-on-target. Figure 4 shows the positron rate
obtained using the TURTLE simulation program, com-
pared to experimentally measured values at CERN [18] for
a 500 mm beryllium target, very similar to those currently
used in the T4, T6, and T10 targets. Monte Carlo (MC)

TABLE I. Present and expected proton beam intensities (ppp)
and positrons production rates per uster. Positron rates are
obtained using 500 mm Be target thickness [10] and 600 x 103.

Intensity on TI0  N,/year ~ Ne™/yin 1 psr
[10" ppp] [10"] [x1013]
NA62 (K™T) 0.55 0.33 1.2
HIKE (K) 1 0.72 2.5
HIKE (K°) 1.2 1.2 4.2
BDF 4.0 4.0 14
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FIG. 4. Absolute electron/positron production rates in 1 psr per
1 x 102 400 GeV protons from Beryllium target [18]. Lines
represent simulations, while open dots represent experimental
measurements with the 500 mm Be target.

predictions are in good agreement with the measured
values.

At the nominal NA62 beam energy of 75 GeV, the yield
would be similar to the open dot at 60 GeV in Fig. 4,
approximately 3.5 x 10° e* /psr per 1 x 10'? protons on a
500 mm Be target. This corresponds to a positron pro-
duction probability per proton per psr of e*/p =
3.5 x 107, Using this probability, we calculate the number
of positron produced per year (N,:/y) within a psr
acceptance, as reported in the last column of Table 1.

B. Unseparated and separated positron beams

Since the late 70s, two strategies were identified for
producing positrons out of the SPS protons in the CERN
North Area. The layout of the generic beams obtained in the
two configuration is shown in Fig. 5.

The simplest method, which produces the so-called
“unseparated” beam, relies on the positron yield generated
by proton-on-target collisions. The dominant mechanism is
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FIG. 5. Production scheme of unseparated (top) and separated
(bottom) positron beams.

the production of z° mesons, which promptly decay into
two photons. These photons then convert into e*e™ pairs
either within the target material itself or in a dedicated
converter. The material type and thickness for the produc-
tion target must be optimized to maximize the positrons-to-
hadrons ratio. A key parameter is the ratio of radiation
length-to-nuclear interaction length, while the balance
between positron production and absorption determines
the optimal converter thickness. Studies conducted at the
NA extracted beam lines in the 80s concluded that a
500 mm Be target offers the best performance [18]. A
properly designed focusing system positioned between the
target and the dump aperture can significantly improve the
beam acceptance compared to the purely geometrical
configuration illustrated in Fig. 5.

Although unseparated positron beams are easy to pro-
duce and offer very high intensities, their positron content
is typically limited to a maximum of about 30% at
~50 GeV, dropping below the percent level at higher
momenta. Producing a pure positron beam requires a
separation strategy, typically based on exploiting positron
synchrotron radiation. The separation increases with E* and
is only efficient for momenta above 120-150 GeV/c,
where the electron rate is much lower that at 75 GeV/c.

A much lower content of hadrons can be obtained by
using “separated beams” from photon conversion. In this
scheme, the unseparated beam obtained after the proton-on-
target collisions is deflected by a bending magnet, B1,
toward a dump, to eliminate all the charged secondaries.

The photon component of the neutral beam, after crossing
the dump hole, is converted into e*e™ pairs by a photon
converter. This solution provides somewhat lower intensity
due to the efficiency of the conversion target. In the
positron beams from the photon conversion, the hadron
contamination is dominated by the protons from A — pz~
and the pions from K g decays. According to [3], the hadron
contamination at 75 GeV positron beam is ~1% in the H4
beam line. Unfortunately, the value grows rapidly, with the
beam energy reaching ~100% for energy above 150 GeV
[3], limiting the advantage of using the positron-on-target
technique in the CERN NA64 experiment.

C. Positron energy range

As shown in Fig. 4, positron production rates in proton-
on-target collisions decrease significantly at high energies.
However, production rates of nearly I MHz/psr can still be
achieved for energies up to 200 GeV with 1 x 10'* ppp on
a 500 mm Be target.

In contrast, intensity is not a limiting factor at lower
beam energies. We assume 40 GeV as the lowest achievable
beam energy, based on the requirements of the NA64
positron program at the H4 line in the CERN North Area
[17], which features a positron production mechanisms
very similar to those proposed in this paper. Nevertheless,
lower energies may also be achievable by exploiting a new
beam line design.

Designing a positron beamline with the widest possible
energy range would be beneficial for this project, as it would
allow NAG62e+ to explore different regions of center-of-
mass energy, thereby covering a broader range of physics
cases. For this study, an energy range of 40-150 GeV is
ideal. The expected beam energy spread after passing
through an achromat system similar to the one existing in
the K12 beam line can be as low as the percent level [19].

D. Required positron beam parameters

In this section, we summarize our estimates of the key
parameters of a potential future NA positron beam. While
more precise calculations will be necessary, the estimates
presented here are sufficiently accurate for the current
discussion of possible physics programs.

To evaluate the positron yield in the NA, it is necessary to
define the angular acceptance of a future beamline. Taking
inspiration from the existing M2 beamline, we assume
that a beamline with an acceptance of up to 56 psr is
achievable by employing a focusing system after a 500 mm
Be target. The T6 target, which serves the M2 line, is
routinely operated with protons per pulse (ppp) up to
15 x 10'2. Therefore, we assume a similar proton rate could
be achieved on a dedicated positron production target.

In this scenario, the positron line is expected to use
approximately 30% of the available protons in the post-LS3
era and could be operated concurrently with the BDF.
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TABLE 1II. Estimated positron beam parameters using
600 x 103 spill/y of 15 x 10'? ppp on a 500 mm Be target.

Beam config  N,,, x 10> Acc N, /(N, xpsr) N,./y

6.0 psr 35x107°  ~2x 10"
L5psr 15x107%  ~2x 1083

Unsep. focused 15
Separated 15

However, the fraction of protons required could be sig-
nificantly reduced if a positron beam line with an accep-
tance greater than 5—6 psr can be designed.

We note that the existence of the P6 transfer line,
connecting T6 to the P42 line in TTCS8 (see Fig. 1), would
have allowed the use of T6 as a production target and the
delivery of positrons to NA62 at the required rate.
Unfortunately, to the best of our knowledge, the P6 transfer
line was dismantled in the early 2020s [10]. Nevertheless,
the option of using T6 as the target and rebuilding the P6
transport line should be considered, if it provides a simpler
solution than modifying the P42 line.

Table II summarizes the expected rates of a 75 GeV
positron beam.

The difference in rates between the unseparated focused
beam and the separated beam reflects the lower acceptance
as well as the limited efficiency of the photon converter
(~50% or more).

Table II demonstrates that a focused, unseparated beam
is the most effective solution for achieving high positron
rates in the NA. Assessing the feasibility and precise
positron yield of the two solutions or exploring alternative,
potentially more effective approaches is beyond the scope
of this paper. Such evaluations require dedicated studies
and Monte Carlo (MC) simulations conducted by the
CERN accelerator division.

Nevertheless, even if the positron flux were significantly
lower than the value estimated in Table II, it would still
offer a unique opportunity for positron-on-target experi-
ments. In this study, we assume that a flux of 2.0 x 104
75 GeV positrons-on-target, with hadron contamination
reduced to less than 1%, can be delivered to an NA62-like
detector.

IV. DARK SECTORS AT NAG62E + WITH A 75 GEV
POSITRON BEAM

With a 75 GeV high-intensity positron beam on target,
the existing NA62 detector can support multiple dark sector
search techniques simultaneously. Moreover, the beam’s
luminosity can be adjusted to match the detector’s rate
capability by selecting different target materials and thick-
nesses, optimized for specific dark sector scenarios. Even
when operating in a surface-level experimental hall, target
thicknesses can range from a few hundred microns to
several tens of centimeters (in dump mode), thanks to the

low radiation levels generated by ~10'* positrons on target
per year (etOT/y) at 75 GeV.

A. NAG62 luminosity with different target materials
and thickness

We estimate the luminosity for two target scenarios:
one using the existing 500 pm thick silicon NA62
GiGaTracker3 station as the active target and another using
a 500 pm tungsten target, either placed close to or
significantly downstream of the GiGaTracker3 station to
optimize detector acceptance. The 500 um thick tungsten
target solution, previously proposed by the LDMX experi-
ment [20], is complementary to the silicon target scenario.
Low-Z and high-Z materials can enhance different con-
tributions to the total cross section relative to specific
backgrounds. The luminosity per year of data taking is
computed as follows:

NA621umi o €+OTNAZPD

y y A

_[etoT/y\ [ Z [183.84 g/mol
— 467 pb~! (£ LYY (£ (20220 /MmO
67p (2 X 1ol4> (74) < A

x (19.3 g/cnﬁ) (0.0é)cm)' (n)

Here, e"OT/y = 2 x 10'* represents the number of posi-
trons on target per year, and D is the target thickness in cm.
This yields approximately 6.7 pb~!/year for the silicon
target and around 47 pb~!/year for the tungsten target.
A Much higher positron rate or thickness of the targets
will require a revision of the trigger and DAQ system of
the NA62 experiment. Moreover, even in the etOT/y =
2 x 10'* configuration, the experiment would benefit from
an improved small-angle (< 8, mrad) photon veto system.
The current solution limits the single-photon rejection
efficiency. Improving the time and energy resolution and
the rate capability of the IRC and SAC detectors would
enhance the performance of both the single-photon and
missing-momentum techniques.

On the contrary, no rate issues are expected in the dump
mode, as the beam and all secondary interaction are fully
absorbed by the dump itself. In this configuration, lumi-
nosity can be increased by a factor of approximately 100 by
both raising the number of incoming positrons and increas-
ing the target thickness to tens of centimeters, taking
advantage of interactions from secondary particles pro-
duced in electromagnetic showers.

In order to illustrate the potential of such an experimental
configuration in searching for light dark sectors, we will
show the projected reach for well-motivated new physics
models, following the classification proposed in Ref. [21].
We will consider a dark photon (DP) that interacts with the
electromagnetic current via a coupling suppressed by a
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small kinetic mixing parameter . As a second candidate,
we will consider axion-like particles (ALP), namely
pseudo-scalars interacting with the photons via a coupling
Jay and with electrons via a coupling g,.

B. Dark Photon production in positron-on-target
collisions

The interaction of a DP A, with a fermion y, is
described by the following Lagrangian:

Ly D —igyw 'y A, (2)

This interaction holds also for DP models where the DP
interacts with a SM fermion y, via a Kinetic mixing
parameter € = gy/e.
In positron collisions on fixed targets, the dominant
production modes for a DP A’ are
(a) Resonant annihilation: ete™ — A/,
(b) Associated production: ete™ — yA’,
(¢) Bremsstrahlung: etN — eTNA'.
The corresponding Feynman diagrams are shown in Fig. 6.
The first two production processes require positron
beams and offer an important advantage in terms of
production rates, compared to electron beams, for DP
masses around the resonant value m, = \/2m,Egeam ~
277 MeV. The resonant production mechanism has the
highest cross section due to a single electromagnetic vertex
and Breit-Wigner enhancement. Unfortunately, this occurs
only within a narrow mass range, very close to the /s of
the collision. At the lowest order, this process yields a cross
section that, away from the resonant c.m. energy, is
proportional to the A" width T'y,, which is strongly sup-
pressed by the small coupling constant & [4],

% /4
= s 3
Ores Opeak (\/E _ mA’)2 n F2,/4 ( )

where s is the invariant mass squared, and e, = 1277/ mi,
[4]. While the extremely narrow width of the DP makes this
distribution strongly peaked around the resonant mass m,,
two main effects concur to widen significantly the mass
range where this production mechanism dominates.
First, the RMS beam energy spread ogeam/Epeam = 1% 1is
modeled using a Gaussian distribution and then further

@ ®

e

convolved with the differential track lengths %7;5, represent-

ing the total length (in unit of radiation length) of the
material traversed by all e* of a given energy E present in
the shower. We use analytical expressions derived in [22],

aT ttar
‘= dtl,(t,E), 4
= [arnn) @

1 [In(Eo/E))[*/*!

L E) = 5 =T a3

(5)

where ?,,, is the target length in the unit of radiation length,
and E, is the initial positron energy before entering the
target.

Second, the atomic electrons in the target are neither free
nor at rest. Their spatial localization implies a certain
momentum distribution, which in turn can alter signifi-
cantly the CoM energy of the e™e™ system. We model this
effect following Ref. [5].

Finally, in the associated production case, the DP is
produced alongside a Standard Model (SM) photon. Due to
the initial-state radiation (ISR) photon, which modifies the
collision’s c.m. energy, the mass range for which associate
production is effective is broader. The accompanying
photon can be used to tag the invisible decay of A’ and
enables the measurement of its mass as the missing mass,
calculated as M2, = (ph, — ple — p})%.

The total cross section as a function of the A’ mass m,
and of the coupling € reads [23]

8rate? [ (s —m?, m3,
Gass(mA" E) = + 2
s 2s s —my,

2
s S —my,
X log " - 2] (6)

e

where the c.m. energy of the collision is /s. The cross
section significantly increases when the mass of the particle
is close to s, approaching the resonant value in the limit of
vanishing photon energy. In practice, we merge both
processes by keeping only the dominant one close to the
resonant energy. The acceptance for this production process
is high in NA62 due to the low photon emission angle
caused by the high boost factor.

(©) Al
A et ‘\rr‘ et

2

FIG. 6. A’ production mechanisms in electron-positron collisions [4].
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Finally, the dark bremsstrahlung process is similar to the
SM bremsstrahlung one. In the so-called Weizsacker-
William approximation [24,25], we can write the integrated

cross section as
1
, 7
Og<(] _x)c> ( )

n2  m? a F
where (1 —x), —max< Z,EZV), and o

effective photon flux (see, e.g. [26]). In practice, we
obtain this cross section numerically by means of the
MadGraph5_aMC@NLO simulation framework [27], following
the implementation of [26], using an effective NNy inter-
action between the nuclei and the photon with form
factor G,. The form factor for a nucleus (Z,A) is a func-
tion of the exchanged photon virtuality 7, and G,(t) =
G4' + G is defined by

a*t \?2 1 2
Gel — 227
? (1 +a2r> (1 +t/d)

' 2t \2 1+ (= 1)
o= <1 + a’zt) (1 T )t Z @
0.71 GeV?

with Hp = 2.79, my, = 0.938 GeV the proton mass,
a=111 d' =773 —Lr and d = 0.164 GeV? A=2/3,

4Py

2
3 my

describes the

21/3’

C. Axion-like particles production in positron-on-target
collisions

A thorough study of the production of axion-like
particles (ALPs) in positron-on-target collisions can be
found in [28]. In general, ALPs can interact both with
photons and electrons via the couplings g, and g,,
respectively, as described by the following Lagrangian:

L,D gzy aF"F,, + %dﬂaéy"}ge, (9)

where F 2 €upeFP? with €939 = +1 is the photon dual
field strength tensor. Depending on the assumption on the
dominant coupling of the ALPs to the SM, two different
phenomenology of production and decay are obtained,
(1) ALPs with dominant electron coupling (g,, # 0
and g,, = 0),
(2) ALPs with dominant photon coupling (g,, # 0
and g,, ~0).

1. ALPs with dominant electron coupling

The main production mechanisms for ALPs with dom-
inant coupling to electrons g,, # 0 and g,, = 0 are identical
to the DP one shown in Fig. 6,

(a) Resonant annihilation: ee™ — a,
(b) Associated production: eTe™ — ay,
(¢) ALP bremsstrahlung: e™N — e Na.

For this reason, the detection techniques and the resulting
limits can largely be obtained with the same procedure just
by rescaling for the different production and decay rates.
The cross section for resonant annihilation can be written
straightforwardly after accounting for the beam energy
spread as

Ems(mu EB)Z

V7| gy P
4\/_0E '

2
my

Ees :2—m_me- (10)

Ores (ma s gay)

The ALPs associated production cross section in the
hypothesis of dominant electron coupling reads [28]

— 2 2
Gass(mm gae) = ®emYGaem

—2m2ps + (s* + mg — 4mim?) log 5 Hﬁ
2(s = mg)s*p? ’
(11)

X

where f=/1— 475"2".

The cross section for the ALP bremsstrahlung is
obtained numerically using the same framework as for
the DP case [28]. A simple order-of-magnitude estimate;
accurate at around 10%, can be straightforwardly obtained
by dividing by two the DP result in Eq. (7), along with the

replacement ¢ — g,.m,/e.

2. ALPs with dominant photon coupling

The scenario is markedly different for models where
ALPs exhibit dominant photon couplings, with g,, # 0 and
Gae = 0. In this case, the following production mechanisms
are available:

(a) Resonant annihilation: ete™ — a,

(b) ALP-strahlung: ete™ — ya,

(c) Photon fusion: eTe™ = ete~a or e™N — et Na,
(d) Primakoff: yN — aN.

Among the various production mechanisms, ALP-strah-
lung, photon fusion, and Primakoff [see diagrams b), c),
and d) in Fig. 7] are the most significant in positron-on-
target collisions." These processes lead to distinct final
states: ALP-strahlung produces a single photon and an

'"When the tree-level electron coupling vanishes, resonant
production e"e~ — a can still proceed via the loop diagram in
Fig. 7(a), and can be particularly relevant when the beam energy
is tuned to the resonant value E ., and the beam energy spread og
is small, see Eq. (10). However, the effect of atomic electron
momentum distribution that produces a smearing of the actual
c.m. energy in the collision renders ineffective reducing the beam
energy spread below ~1% [4]. This effect is especially relevant in
high Z materials as inner shell electrons can reach relativistic
velocities [5,6].
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FIG. 7. ALPs with dominant coupling to photons production mechanisms in positron-on-target collisions. [31].

ALP, while photon fusion results in an e e~ pair along with
an ALP. Primakoff production (d) relies on secondary
photons generated in the electromagnetic shower and is
particularly relevant in the thick-target scenario. We esti-
mated both on-shell (Primakoff) and off-shell (photon
fusion) processes with MadGraph5_aMC@NLO, using the same
nucleus form factor as for DP bremsstrhalung. In both
cases, if the momentum transferred to the nucleus by the
virtual photon is smaller than the inverse of the nuclear size,
the incoming positron interacts coherently with the whole
nucleus, resulting in a cross section enhancement by a
factor of Z2, where Z represents the atomic number of the
nucleus [29]. Primakoff production strongly dominates due
to the presence of multiple photons in the electromagnetic
shower for thick targets. We additionally found an excellent
agreement with existing analytical expressions [30] for the
yN — aN process cross section.

Additionally, even in the case of a vanishing axion-
electron coupling at tree level direct annihilation is possible
via a loop-induced coupling [see diagram (a) in Fig. 7]. In
this case, we consider the following effective ALP-electron
coupling for ALP production [32,33]:

. l
9 = ag,, —— (3Ap(m2)
" 4gm? (

—i—mg(Z—m%CO(m%,mg,mg,O,O, mg)))’ (12)

where Ay and C) are the usual Passarino-Veltman functions
that can be implemented using numerical packages like
LoopTools [34,35].

Accounting for the beam spread, the cross section for
resonant eTe~ — a production is written as before, simply
accounting for the effective coupling,

\/7_r|ggif(mav gay) |2me _(EreS(I;agiEB)z
G, = e E , 13
res( a gay) 4\/5615 ( )

while the associate production this time takes the following
form [28]:

s+ 2m2)(s —m2)3
Gass(ma’ gay) = ag?ly ( 24?‘554 )

(14)

Notably, when the tree-level electron coupling vanishes,
the loop-induced coupling causes resonant production to

dominate over ALP-strahlung within a narrow mass range,
determined by the beam spread ogeym/Egeam =~ 1%. This
range would expand further if electron motion were
considered, as relativistic electrons in inner shells increase
the available c.m. energy.

D. Dark sector particles decay modes

If the dark sector is composed of more than one new
particle, its internal structure will play an important role in
fixing the relevant experimental signatures. The lightest
dark sector particle, if unstable, will, for instance, typically
decay back into SM particles, while heavier particles might
experience semivisible or fully invisible decays patterns.
Given that the dominant production modes for the dark
sector in NA62e+ are via lepton- or photon-driven proc-
esses, we will focus in this work on visible decays of the
new particle X into lepton pairs for vector particles and
photon pairs for ALPs.

Conversely, if additional light stable or very long-lived
dark sector particles y exist with masses below half the X
mass, the dark sector particle will predominantly decay
invisibly into yj, the so-called invisible decay scenario.
Different combinations of production and decay modes
lead to distinct experimental signatures. In the next section,
we will show how NA62, with its versatile detector, can
probe a large range of possibilities.

V. INVISIBLE DECAY SEARCH TECHNIQUES
AT NAG2E +

In this section, we assume that any dark sector particle X
produced in positron-on-target collisions is either stable or
primarily decays into lighter dark sector states yjy, which
escape detection. In both cases, the final states are char-
acterized by significant missing energy. This missing
energy can be identified using different techniques, depend-
ing on the production mechanism and target thickness.
Figure 8 illustrates how the NA62 detector could be used to
implement these techniques.

A. Missing mass: e*e™ — yX
Mono-photon searches exploit associated production
diagram (b) in Fig. 6, measuring the SM photon’s four-
momentum with the NA62 LKr calorimeter to infer the
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(c) Missing energy.

presence of an invisible particle. The NA62 GiGaTracker
spectrometer precisely measures the incoming positron’s
energy and direction, allowing for a precise determi-
nation of the missing particle’s invariant mass, My =
(ph, — plo — p})?. A schematic view of the technique is
given in Fig. 8(a). NA62’s excellent photon veto system
enables nearly background-free searches, making it ideal
for detecting DPs, ALPs, or very long-lived particles that
decay invisibly or escape detection.

The search technique relies on identifying “bumps” in
the reconstructed missing-mass spectrum M%. Owing to the
excellent M% resolution of the ~1 MeV achieved by NA62
[36], approximately a hundred different mass hypotheses
can be tested.

NAG62e™’s invisible decay search techniques illustrated in the case of a DP A’. (a) Missing mass (b) Missing momentum

The main backgrounds for the single photon searches are
ete™ — yy with a missing photon and the positron brems-
strahlung with a missing positron.

In the bremsstrahlung case, the high Lorentz boost factor y
causes almost all recoil photons to be emitted collinearly with
the incoming positron, with a typical angle of 1/y ~ 6 prad.
As a result, the recoil photon will very rarely enter the
NAG62e+ calorimeter acceptance and therefore cannot mimic
a signal-like final state. Even in the cases in which the recoil
photon is detected in the calorimeter, the outgoing positron
will be captured by the NA62e+ charged veto system with a
rejection capability of the order of 1 x 107>,

According to our CalcHEP simulation, the cross section
o(ete™ — yy) is ~2 x 107 pb. Moreover, there is no kine-
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matical configuration in which one photon enters the LKr
calorimeter acceptance while the other escapes the 50 mrad
coverage of the NA62e+ photon veto detectors. Using the
luminosity calculated in Eq. (1), the expected background
can be estimated as follows:

N?G =o(ete” - yy) x NA625EW Eveto X AcCyy/Nass»

Tumi
(15)

where e, represents the NA62 photon veto inefficiency,
and Ny, 1S the number of mass hypothesis tested. Using
reasonable parameter values, namely &,o, =2 % 107,
a one-photon acceptance Accy, = 0.1, and Ny, = 150,
we expect approximately one background event per
2 x 10" ¢*OT.

To compute the sensitivity of NA62e+ to the A’ and
ALPs invisible decays, we used Egs. (6) and (11) for
the cross section (CSy,) ee™ — y(A’, a) for each mass
value from O up to the kinematic limit M%‘:’;‘ =
V2 X Egeam X m, ~ 277 MeV. From the obtained CS val-
ues, we estimated the 90% confidence level upper limit on
the coupling ¢, g,. as the single event sensitivity (SES) for
2 x 10 eTOT using the following formula:

2.3

UL(E: guc) \/AccA/,a < CSy o xNaG 10
The signal acceptance Accy, was determined using the
CalcHEP Monte Carlo generator [37] for different mass
values. The A’ model was implemented into CalcHEP,
and we applied an angular selection cut of 1 mrad <
0, < 8.5 mrad to the emitted recoil photon to ensure it
would be detected by the NA62 LKr calorimeter. As a result,
we found that ~15% of the events are accepted by the calori-
meter with a slightly increasing trend for higher masses.
Additional acceptance gains can be explored using small-
angle calorimeters to detect the recoil photon, provided the
trigger rates and detector performance are adequate.

The single event sensitivity to A’ invisible decays
expected in NA62e+ are shown in Fig. 9. The filled areas
represent existing limits from NA64 [2] (grey) and BABAR
[38] (green). The solid curves represent the expected single
event sensitivity (SES) for the mono photon analysis at
NA62e+ with 2 x 10'* ¢*OT, using 500 pm thick tung-
sten (red) and silicon (blue) targets, respectively.

Similar limits are obtained for invisible decays of ALPs
with dominant coupling to electrons shown in Fig. 10. We
used, as in the DP case, the zero background approximation
and a 15% acceptance, estimated using CalcHEP [37].

Profiting by the higher production rates provided by
the associated production at high mass compared to A’
bremsstrahlung, NA62e+ can improve up to 2 orders of
magnitude the present limits by NA64 in the mass region

1072

— NAG2e+ SES 0.5 mm Si Target
NA62e+ SES 0.5 mm W Target

Babar PRL 119, (2017).

107°

NA64 PRL 131, (2023)

107
) \
10°E
10°E
107 i ' : :
10 10? 10°
A'mass [MeV]

FIG. 9. Expected NA62e+ sensitivity to A" invisible decays in
different scenarios. The blue line is silicon, and the red line the
tungsten target in the single photon mode. The filled grey area
represents NA64 [2], and the filled green one the BABAR [38]
limits.

150-277 MeV for both A’ and ALPs invisible decays.
Moreover, several different regions of parameters space can
be probed by simply changing the positron beam momen-
tum. Pushing the beam energy to 150 GeV, as in the NA64
case, the kinematical limit for the single photon analysis
will reach the 400 MeV region. The lower positron flux at
higher energy can be compensated by increasing the target
thickness.

Finally, the motion of atomic electrons, particularly in
the tungsten target case, can significantly enhance the A’
production rates to masses beyond the kinematic limit of
the electron-at-rest approximation [5]. However, its effect
on the missing mass resolution has not yet been calculated,
and we therefore do not include it in the projected reach
shown in Figs. 9 and 10. We nonetheless note that it is
expected to be negligible in Si compared to the W target.

— NAG62e+ SES Si Target
= NA62e+ SES W Target
Babar PRL 119, (2017)
— NA64 PRL 131, (2023)

10 10? 10°
a mass [MeV]

FIG. 10. Expected NA62e+ sensitivity to ALPs (g,,.) invisible
decays in different scenarios. The blue (red) line represents a
silicon (tungsten) target in the single photon mode. The shaded
gray area shows the NA64 limits [2], and the green one the
BABAR limits [38].
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B. Missing momentum: e*N — e* NX

The missing momentum experiment exploits the brems-
strahlung X production mechanism. In this process, the
dark sector particle is emitted from a primary positron after
interacting with a target nucleus. The X subsequently
decays into invisible particles, leading to a significant
reduction in the final-state positron’s momentum compared
to its initial value. The measurement of the e™ momentum
downstream of the target reveals a significant difference
from the original beam momentum. A schematic view of
this technique is shown in Fig. 8(b). This technique,
proposed for the first time for the LDMX experiment
[39], is considered the one with the lowest background and
has not been used until now.

To conduct such an experiment, both an upstream tracker
before the target and a recoil tracker after the target are
essential. The NA62 experiment is designed as a missing
momentum experiment. Notably, the decay K™ — ztvi
involves a missing momentum final state, closely resem-
bling the process et — etA’ — etyy. Compared to
LDMX, NAG62 offers the capability to reconstruct the
invariant missing mass and features a very precise particle
identification (PID) system, which enhances background
rejection, particularly against hadronic final states. The
high energy of the incoming positrons assure the complete
angular coverage of photon veto detectors for SM back-
grounds. The capability of obtaining a very high rejection
factor on extra particles has been demonstrated in the recent
measurement of the BR(K™ — ztwp) [40].

In the NA62 experiment, the GTK system serves as
the upstream tracker, providing a 0.2% measurement of the
incoming positron’s momentum. The momentum of the
positron after the interaction with the target is measured by
the NA62 magnetic spectrometer with a relative resolution
parametrized as [13]

o(p)/p = 0.48% @& 0.009% x p,

with p in GeV/c.

The NA62e+ sensitivity shown in Fig. 11 has been
obtained assuming 0 background and applying a conser-
vative missing momentum cut of 50%.

Detailed background studies have been conducted for the
LDMX experiment at SLAC [41], demonstrating that no
irreducible BG sources exist up to ~10'¢ ¢TOT for a
missing momentum of 50%. Therefore, we believe it is safe
to assume that the same BG-free hypothesis holds for
~10'"* ¢*OT. In addition, the tenfold higher beam energy
of the NA62e+ experiment provides a clear advantage in
both veto efficiency and calorimeter resolution.

The limit was calculated using Eq. (16) in which Acc and
CS have been obtained using MadGraph5_aMC@NLO [27], as
described in Sec. IV B. The acceptance was calculated
ensuring that the recoils positron lies into the spectrometer

1072

—— NAB2e+ MissP

Babar PRL 119, (2017)

1078

—— NA64 PRL 131, (2023)

107

107°

/

10°°
107 ' — ' '
10 10° 10°
A' mass [MeV]
FIG. 11. NA62e+ missing momentum sensitivity to invisible

A’ decays (red) compared to existing limits.

acceptance (1 mrad < 6 < 8.5 mrad). A very similar
acceptance to the case of mono-photon ~15% has been
obtained.

C. Missing energy: e*Z — e* /E

In the missing energy technique, an active thick target
absorbs and measures the incoming positron. If the electro-
magnetic shower a dark sector particle X is produced, the
measured energy differs significantly from the incoming
positron momentum. A missing energy search can poten-
tially be performed at NA62e+ installing an active target
downstream the GTK3 station, shown in brown in Fig. 8(c),
and using the rest of the NA62 detector as a global veto
system.

The NA64 experiment has extensively demonstrated the
effectiveness of the missing energy technique using an elec-
tron beam on target. From 2016 to 2022, NA64 accumu-
lated 9.37 x 10'" 100 GeV electrons on target, achieving
the most stringent limits on invisible DP decays [2]. A
similar search using positrons, as proposed in the POKER
project, has also been undertaken by the NA64 Collabo-
ration. However, to date, only a limited amount of data,
1 x 10'° positrons on target at 100 GeV, has been collected
in this mode [17]. In positron dump mode, NA62e-+ has the
potential to accumulate more than 1000 times the number
of positron collisions compared to NA64 [17], leveraging
the high proton flux enabled by the North Area BDF
upgrades. With minor interventions, a 50 cm long active
target system, similar to the POKER calorimeter [42], can
be installed in the NA62 experiment, downstream the GTK
region, enabling missing energy measurements. This con-
figuration will allow profiting from all the three production
mechanisms provided by positron beams, leading to the
maximum sensitivity to invisible decays. The achievable
exclusion limits with 2 x 10'* eTOT, assuming no back-
ground, are shown in Fig. 12 for A’ searches. This
assumption is supported by the absence of background
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FIG. 12. NAG62e+ missing energy sensitivity to invisible A’
decays (red).

events in the NA64 experiment up to 1 x 10'2 ¢~OT [2], as
well as by more recent studies performed for the LDMX
experiment [43]. In addition, the use of a homogeneous
calorimeter can provide even better BG rejection compared
to the sampling calorimeters used by NA64 and LDMX
collaborations.

The dashed blue line represents the contribution from
A’-bremsstrahlung, which is dominant at low masses.
The production rate for this contribution has been
obtained using MadGraph5_aMC@NLO [27], accounting for
the interaction in the whole target thickness and including
a 50% missing energy. The violet dashed line shows
the contribution of resonant and associated production,
including the interaction of the primary positrons and the
contribution of secondary positrons generated in the
electromagnetic shower obtained following the prescription
in [44]. In this configuration, the limits from NA62e+ can
surpass existing limits by more than 1 order of magnitude
in a mass range from 1 MeV to 1 GeV and by more than 2
orders of magnitude in the resonance-dominated region
(200 MeV-300 MeV). According to [45], additional
sensitivity will be provided by invisible decays of photo-
produced light mesons p, @, and ¢. Mesons decay will
improve the reach of the NA62e+- experiment for the m, >
500 MeV region in which A’-strahlung is weak due to the
1/m?, suppression of the cross section.

In the case of ALPs with photon-dominated coupling
(9ay), the sensitivity was computed by considering ALP-
strahlung and Primakoff production [diagrams (b) and (d)
in Fig. 7] while also accounting for a 50% missing energy
probability. The results, presented in Fig. 13, show that
sensitivity is primarily driven by Primakoff production
across the entire mass range. The NA62e+ sensitivity (red)
is compared to the exclusion limits from [28], with the
NA64 result (grey) rescaled to reflect the additional
statistics collected by NA64 [3] relative to [28]. Notably,
the NAG62e+ sensitivity significantly surpasses that of
NA64 and BABAR up to a few GeV in mass.

107
—— NA62e+
Babar PRL 119, (2017)
10‘3 — NAG64 PRL 131, (2023)
§ 10
o B
10 =
107 ‘
10 10? 10°
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FIG. 13. NAG62e+ missing energy sensitivity to invisible a

decays (red).

VI. VISIBLE DECAY SEARCHES

The visible decay model assumes that the produced dark
sector particle X decays mostly into SM particles. We
further assume a 100% branching ratio into SM leptons (or
photon pairs for ALPs in the mass range we are interested
in). Due to its small coupling to the SM leptons, the X
particle will exhibit a relatively long lifetime that can result
in decay vertices significantly displaced with respect to the
production target, thanks to the ~~1000 boost factor
provided in NA62e+ by the 75 GeV beam energy.

The NA62 detector is equipped with a spectrometer to
measure the momenta and directions of charged particles
and a LKr calorimeter to determine the energies of photons,
enabling the full reconstruction of visible decays of dark
sector particles. Additionally, a decay vertex position
resolution of ~0.5 m is achievable, allowing NA62 to
distinguish long-lived particle decays from the SM
background.

Figure 14 illustrates the various techniques for detecting
visible final states at NA62e+-. In panels a) and b), the final
state is obtained by considering only A’ bremsstrahlung
production. Similar searches, originated by associated
production where a photon replaces beam positron as
the final state particle, can also enhance the sensitivity.
In the dump mode, panel c), the accompanying particle is
irrelevant as it is absorbed by the dump itself.

A. Thin target: Bump-hunt

The bump-hunting technique, illustrated in panel a) of
Fig. 14, is employed to search for resonances within a
smooth background. In this approach, a dark sector particle
produced at the target promptly decays into Standard
Model particles. The reconstructed invariant mass is
expected to exhibit a distinct peak superimposed on the
smooth background distribution. Several final states are
available in a positron-on-target experiment depending on
the production mechanism and the exotic particle decay of
interest. In the case of NA62e-+, we assume that the
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FIG. 14. NA62e*’s visible decay search techniques. (a) Bump hunt, (b) Displaced vertex, and (c) Dump mode.

dominant decays are to lepton pairs, as hadronic decays are
sub-dominant in this mass range. Thus, limiting our
analysis to leptonic decay products, the final state generated
by both A” and ALPs with dominant electron couplings are
(@) etee > X > eteorete - X - utu,

(d)
(e)
®

€3]
The

ete” > a—yy,

ete” = ya—yyy,

ete” - etema— eteyy,

et™N - e¢"Na — Ne'tyy.

acceptance has been estimated with CalcHEP to be

(b) ete” > yX > yete orete” - yX - yutu,
(¢) e'N —- e"™NX - NeTete™ or e"™N —etNX —
NeTpu.

In all the cases mentioned, a pair of leptons will be
reconstructed by the NA62e+ spectrometer, enabling the
computation of their decay vertex and invariant mass. In
case the dominant coupling of an ALP a is to photons, one
has the following final states:

approximately 10% using a Monte Carlo simulation of the
process ete” — yA’ with the decay A’ — e'e™, requiring
all final-state particles to fall within the calorimeter and the
spectrometer acceptance. A similar acceptance is expected
for the other decay channels, ensuring that NA62e+
maintains good detection capability across all final states.

The main source of background for visible A’ searches
is the Bhabha scattering process, whereas for ALPs, it is
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the eTe™ — yy process. At 75 GeV, the total Bhabha
cross section within the NA62e+ angular acceptance is
~9 x 10° pb, while the cross section for ee™ — yy is
1.4 x 10° pb, posing significant challenges to visible decay
searches.

Evaluating the reach for all visible final states neces-
sitates a reliable assessment of the SM background. This
will be addressed in future work, potentially utilizing the
existing NA62 experiment Monte Carlo simulation to
provide robust estimates.

B. Long-lived particles searches: Dump mode

Long-lived particles are natural dark sectors candidates.
Their weak couplings to SM particles inherently leads to
extended lifetimes. NA62 is uniquely equipped to directly
measure the decay vertex positions of long-lived particles.
The experiment’s 70-meter long decay region, coupled with
the high Lorentz boost provided by the 75 GeV positron
beam, creates an ideal environment for such searches.
Two experimental strategies, illustrated in Fig. 14, can be
employed to distinguish long-lived particles from the SM
background. The displaced vertex technique, panel b),
involves measuring the decay vertex and focusing the search
on events exhibiting significantly displaced vertices. This
approach, excluding mismeasured SM events, offers a
background-free environment for sufficiently long lifetimes.

In situations where precise vertex reconstruction is
challenging or unavailable, a high-Z material block can
be employed as an absorber to eliminate SM background,
panel c¢). Only long-lived particles that decay after travers-
ing the absorber, will produce a detectable signal, effec-
tively suppressing all SM background.

1. Thin target: Displaced vertex

NA62’s multitrack vertex reconstruction capabilities have
been demonstrated numerous times in kaon decay analyses,
resulting in a decay vertex resolution of o7y ~ 0.5 m.

The displaced vertex technique, illustrated in Fig. 14 b),
involves detecting di-lepton or di-photon decays with a
vertex located several meters away from the target. After
complete energy reconstruction, the only remaining back-
ground consists of bremsstrahlung photon conversions,
which can only occur outside the NA62 decay region,
which is maintained in a high vacuum.

This technique will allow for exploring a variety of dark
sector models. In this section, we focus on DPs and ALPs.
As demonstrated in thin target invisible searches, a leading
sensitivity in the DP case translates into a leading sensi-
tivity in the ALPs with electron coupling. Models with
ALPs featuring pure photon coupling are expected to
demonstrate significantly higher sensitivity due to their
extended lifetime, 7 = 647/ (m}gZ,), which enhances the
experimental advantage of having a 70-m long decay
region.
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FIG. 15. NAG62e+ A’ displaced vertex sensitivity (blue) com-
pared to existing limits shown in grey. Dump experiments NA64
[46], E141 [47], KEK and Orsay [48,49], KLOE [50], NA62 [16],
bump hunt experiments KLOE [50], BABAR [38], NA48/2 [51],
and LHCb [52].

In the DP case, we conservatively calculate the number
of A’ produced in A’-strahlung only. Measuring the recoil
positron momentum will allow additional constraints
reducing background. After determining the decay length
starting from the A’ width I, we estimate the probability of
decay within the NA62 decay region as:

_Lmin _ Lmax

P(Lmin’Lmax) =€ M —e e, (17)

The value of L.;, depends on the NAG62 vertex
reconstruction capability and can be set at approximately
5 X oyryx. On the other hand, L, is constrained by the
distance between the target and the first spectrometer
station, which is approximately 70 m.

With 2 x 10'* 75 GeV e*OT and a decay region defined
by L, =2.5 m and L, = 70 m, the parameter space
accessible for A’ displaced vertex searches has already been
explored by previous dump experiments (see Fig. 15).
Competitive results for A" displaced vertex searches in the
thin target mode require 2 x 10'> e*OT or an improved
vertex position resolution.

2. Thick target: Dump mode

An alternative approach to leveraging the particle’s
lifetime is to use an absorber (dump) to suppress prompt
Standard Model (SM) background. The NA62 experiment
has demonstrated demonstrated successful operation in
dump mode [16]. Compared to proton-on-dump collected
by NA62, the flux of positrons will be significantly lower,
not exceeding approximately 10> positrons on target.
Nevertheless, the yield of dark sector particles is higher
when positrons are used due to X-strahlung. In addition, in
proton dump mode the production is dominated by mesons
decays reducing the momentum of dark sector particles and
their decay length.
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FIG. 16. NA62e+ A’ sensitivity with 2 x 10'* ¢*OT and
d,, = 35 cm (blue) compared to existing limits (gray).

As demonstrated by the NA64 experiment, an absorber
<50 cm thick is sufficient to contain a positron beam of
energy 2100 GeV. Dumping the positron beam at the
beginning of the NAG62 decay region would enable
NAG62e+ to achieve high acceptance, with a positron flux
potentially up to 3 orders of magnitude higher than that of
NA64 [46,53].

In Fig. 16, the blue filled area represents the expected
NAG62e+ sensitivity for 2 x 10'* ¢ OT impinging on a
tungsten dump with a thickness of dy, = 35 cm (100 Xj).
Decays of long lived mesons downstream of the dump will
be detected with extremely high efficiency by the NA62
apparatus. The gray filled region on the bottom indicates
exclusions from beam dump experiments, while the region
on the top corresponds to bump hunt exclusions form
NA48/2 (n° — yA’ [51]), BABAR (ete™ — yA’ [54]), and
KLOE [50].

The shape of the NAG62e+ exclusion limit differs
significantly from that of the electron beam dump experi-
ments, as NA62e+ would be the first visible dump
experiment to use a positron beam.

The smooth exclusion curves typically obtained with
electron beams, shown in Fig. 17 by the dashed black line,
arise from considering A’-strahlung production only. For
the first time in the exclusions presented here, the con-
tributions from associated and resonant production (Fig. 6),
along with the electron motion effects described in [5],
have been included in a visible dump sensitivity calcu-
lation. These two new mechanisms extend the sensitivity
reach into a region close to the CoM energy limit. Similar
effects are present in the invisible channel sensitivity
(see Fig. 12), where they have already been documented
in previous studies [44].

Even with 2 x 10'% e*OT, the visible dump mode allows
access to a large unexplored region of the DP parameter
space.

In Fig. 17, the expected sensitivity for 2 x 10'> e*OT is
illustrated. Under these conditions, the sensitivity is
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FIG. 17. NA62e+ A’ sensitivity with 2 x 105 ¢*OT and
d,, = 35 cm (blue) compared to existing limits (gray).
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FIG. 18. NA62e+ dump mode sensitivity to visible decays of
ALPs with photon-dominant coupling (blue). In gray, existing
limits from LEP [55], NA64 [56], Primex [57], and dump
experiments, as in Fig. 15.

extended in the 100-200 MeV region, reaching the
exclusion limit of the NA62 in the dump mode [16].

Raising the energy to 150 GeV is not a viable strategy, as
this would lead to approximately a tenfold reduction in the
positron rate, as shown in Fig. 4.

Using Primakoff production rates obtained from
MadGraph5_aMC@NLO, with the requirement that the ALP
carries more than 50% of the beam energy, we derived the
NAG62e+ sensitivity in dump mode to the ALPs with
photon coupling, as shown in Fig. 18, assuming zero
background. In this scenario, NA62e+ can achieve
world-leading limits in the 50-400 MeV region.

VII. NONMINIMAL DARK SECTORS

In addition to the minimal portal scenario already
described, more elaborate models can produce observable
final states in NA62e+-. Detailed investigations of addi-
tional dark sector cases were performed in [58] for the
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LDMX experiment, including dark photons, axion-like
particles, dark scalars, milli-charged particles, and B-L
new gauge boson models.

While expected limits from NA62e+ are not computed
here, they can be extrapolated from the plots in [58]. In
general, limits from NA62e+ are expected to be stronger
compared to electron beam ones for the same number
of particles on target due to the additional contribution
specific for positrons. This section will address extensions
with an additional dark Higgs, which is not covered in [58].

Nonminimal extension of the Standard Model (SM) by
adding a new U(1),, gauge boson, A’, and a single complex
scalar Higgs field, ¢, responsible for spontaneous sym-
metry breaking, have been described in [59]. In the case
where possible additional dark sector particles (such as a
new dark matter candidate for instance) are heavy com-
pared to the dark photon A’ and dark Higgs /' mass scales,
the phenomenology at accelerators is mainly driven by
these two particles.

All interactions between the SM and the secluded sector
occur through kinetic mixing of U(1),, with the Standard
Model photon. The dark Higgs (DH) decay channels
depend on whether it is heavier or lighter than the dark
photon A’. We will focus on the case m;; > 2m,, in which
the A’ mainly decays to a pair of real dark photons. The
decay is always prompt since the lifetime only depends on
the dark gauge coupling g, which is supposed to be of
order one. For c.m. energies below ~200 MeV, the pheno-
menology is simpler than that described in [59]. Indeed,
neglecting the possible decay to neutrinos, which is
extremely suppressed at this energy, the only possible A’
decay is in ete™ pairs. The //-strahlung process is one
of the few tree-level production mechanisms for 4. The
amplitude is suppressed by only a single power of the
kinetic mixing constant, making /' production feasible to
occur in the range of € O(1072-1073). The complete decay
chain of interest in NA62e+ is shown in Fig. 19.

FIG. 19. Six leptons process eTe™ — 3e™e™ mediated by Dark
Higgs.

The total cross section for the Higgs'-strahlung process,
ete™ — AW, shown in Fig. 19, is [59]

raape? m3,\ 72 m;, m%
Oete=sA'N — 1- AL ’
3s s s

N
x {z<1ﬁﬁ) +12m3‘/].
N N N

Using my = 10 MeV, myy =50 MeV,ap = 1,and € =
1 x 1073 we obtain a total cross section of approximately
3.7 pbarn. The main Standard Model background process,
ete™ — 6e*, is significantly suppressed due to its pro-
portionality to a®. A recent revision of the equivalent
photon approximation calculations has led to the following
expression for the cross section [60]:

a> s s
g2 (=) <1°g4 <m_> +Alog <m_>

+ Blog? <%> +C log<%> +D>,

where the constant coefficients have the following values:

(18)

Oee—be

(19)

A~-119 B ~22.62 C~ 1435 D~ =521.1

(20)

At 75 GeV positron beam energy the SM 6e background
cross section value is 0.04 pbarn. Given the constraints of
having each pair of leptons sharing the same invariant mass,
namely, the A’ mass, the background can be suppressed by
several orders of magnitude, as demonstrated by BABAR
[61] and Belle [62] studies. We expect the DH to six
leptons searches at NA62e+ to have no background.
The strongest constraints on this model coming from the
Belle experiment [62] are shown in Fig. 20. The Belle
search covered the region of 0.1 < m,/GeV < 3.5 and
0.2 < my /GeV < 10.5, respectively. In the mass region,
myy < 200 MeV NAG62 should be able to provide the most
stringent constraints. In zero background hypothesis, the
NAG62e+ experiment could potentially achieve limits on
eap as low as ~107%, profiting from the cross section
enhancement due to the lower CoM energy compared to
B-factories. However, more detailed studies on detector
acceptance and actual sensitivity are beyond the scope of
this paper.

VIII. STANDARD MODEL PHYSICS

Standard model cross sections for et e~ collisions are,
per se, an important part of the physics case. The NA62e+
luminosity at a c.m. energy below 300 MeV is unprec-
edented and can provide precise measurement of standard
model observables in an almost unexplored regime.
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FIG. 20. 90% C.L. upper limit on the product ape® versus dark photon mass (top row) and dark Higgs boson mass (bottom row) for

Belle (solid red curve) and BABAR (dashed black curve) [62].

A. Mesons photoproduction and invisible
mesons decays

A recent study [45] has demonstrated that electron-on-
target dark sector experiments are able to produce a large
amount of light mesons through exclusive forward photo-
production. The mechanism requires a high energetic
photon to be produced by SM bremsstrahlung in the
interaction of the electron or positron with the experiment
target. Subsequently, the photon undergoes an exclusive
photoproduction process producing a single light vector
meson (V). Following the order of magnitude approxima-
tions in [45], the number of produced mesons (Ny) can be
obtained as

Vy £V
Ny = NforemPvs pvzgm

’

T m,

ON-VN = fruaA0 s (21)

where o} is the cross section on a single nucleon ~1 pb,
and fY , is an order 1 correction factor. If any of these
mesons decay invisibly, it will produce a missing energy/
momentum signal detectable by NA64 or LDMX [45]. This
allows us to translate missing energy/momentum limits into

constraints on BR(p, w, ¢, J/w) — Invisible.

TABLE IIL
NAG62e+ thick target mode.

In Table III, we updated the NA64 meson yields based on
Ref. [2] and estimated those for NA62e+ in thick target
mode by scaling the NA64 values (see Table I in [45]). The
meson yields exceed 108, except for J /. A null result in the
missing energy experiment would translate into ~1073 limits
on meson invisible decays, which is more than 1000 times
stronger than current bounds (see Table I in Ref. [45]).

In thin target mode, ~15% of the mesons yield in
Table III is produced by the 500 pm W target, resulting
in ~4 x 107 mesons/y, which will constitute one of the
largest samples of p and € mesons ever obtained by
photoproduction experiments. In addition to the invisible
decay limits, in thin target mode, the energy of the photon
that produced the meson can be derived by measuring the
momentum of the recoil positron. Tagging the mesons by
their decay products and invariant mass, a measurement of
the photoproduction cross section as a function of the
photon energy can be derived with high precision. Future
proton beam dumps such as SHiP will benefit a lot from
this kind of measurement since, in their case, meson decays
are an important source of DM. Typically, proton beam
dump Monte Carlo simulations are tuned to match data, but
they just reach ~25% level agreement [63]. Finally, by
taking advantage of the NA62 detector apparatus, most of
the decays of the p and Q mesons to leptons and pions,

Estimated meson yield from Table II in [45]. We the updated NA64 yield according to [2] and added an estimate for the

Necor Ee fouem 05 (D) 6§ () o) (ub) N, N, Ny Ny
NA64 [2] 1x 1012 100 0.5 9 0.8 0.7 2.5 % 107 2 x 10° 2x10° 2x104
LDMX I 4% 104 4 0.03 23 5 0.4 1.1 x 10° 1.9 x 108 1.1 x 107 -
NA62e+ 2 x 104 75 0.5 9 0.8 0.7 5% 10° 4% 108 4 % 108 4 % 100
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could be measured with higher precision than currently
reported in the PDG review [64].

B. The e*e~ — mz cross section

The (g — 2), anomaly is one of the most significant and
longstanding discrepancies between an experimental meas-
urement and the Standard Model. Following the confirma-
tion of earlier experimental results by E821 [65] obtained
by the Muon g-2 Experiment at Fermilab [66], attention has
increasingly turned to the theoretical predictions. These are
carried out from first principles, by means of quantum
chromodynamics (QCD) lattice techniques, or via a data-
driven approach that uses as input the hadronic cross
section. For this reason the measurement of the hadronic
cross section at low energies is of great importance for the
improvement of the theoretical error, and a particularly
important role in this context is played by the dominant
hadronic production process eTe™ — 7z,

Currently, the most precise determinations of e"e™ —
zx as a function of /s rely on the initial-state radiation
technique, a method used, e.g., by KLOE [67] and BABAR
[68,69]. Unfortunately, their results exhibit a ~3¢ discrep-
ancy.2 The hadronic cross section as a function of the c.m.
energy can be also measured by varying directly the energy
of the electron and positron beams, a technique that has
been used for the CMD-3 measurement. It is worrisome
that the latest CMD-3 result [72] is not consistent with
neither the one of KLOE nor of BABAR.

Recently, Ref. [6] proposed to leverage the momentum
distribution of atomic electrons in positron annihilation on
the electrons of a fixed target to scan over a large range of
c.m. energies, while keeping the beam energy fixed. A
proper high Z material target can allow precise measure-
ments of hadronic cross sections in a wide /s region. It was
shown in Ref. [6] that with 10'® e*OT, a CERN north area
experiment could yield a statistic larger than KLOE up to
c.m. energies of ~600 MeV.

With a modest increase in the bending power of the
achromats, NA62e+ could surpass the di-pion production
threshold at a beam energy of 88 GeV. Utilizing a few 10"
positrons on target could achieve the statistical sensitivity
required for a precise measurement of the di-pion cross
section near threshold, unlike previous measurements by
KLOE and BABAR. By avoiding the reliance on ISR-based
techniques, the NA62e+ measurement would be less
affected by theoretical uncertainties, offering a robust and
precise determination of this key cross section. While
detailed studies of this opportunity are outside the scope
of this paper, we point out that the PID system of NA62 will

The KLOE and BABAR determinations rely on the
assumption that the scattering cross section for eTe™ — y~pu~
is determined solely by SM processes, see [70,71] for a
counterexample.

allow for excellent lepton-hadron separation, leading to
very precise measurements at threshold.

C. Study of the di-muon production cross section

A measurement of the ete™ — uu~ cross section with
per-mille precision can be achieved during a one-year run
in positron mode at NA62e-+. The theoretical uncertainties
for the ete™ — utp~ cross section are estimated at the
0.2% level [73], demonstrating the significance of achiev-
ing such high precision. This measurement would provide
valuable validation of quantum electrodynamics (QED)
in the low-energy regime, /s ~ O(200) MeV, where no
experimental data currently exists. In particular, the
observation of muon pair production with a beam energy
below the threshold of 43.7 GeV for di-muon production
off electrons-at-rest, will demonstrate unambiguously the
effects of atomic electron motion and provide a validation
in high energy collisions of theoretical predictions [6,74].

Finally, there is increasing interest in studying differ-
ential cross sections near the threshold, motivated by the
proposed muon collider LEMMA scheme [8]. In particular,
the beam emittance and the di-muon yield as a function of
the target material obtained in simulations need to be
validated. The first tests with low statistical significance
have been performed in the past using H4 positron
beams [75].

The production cross section decreases at the production
threshold of 45 GeV (see Fig. 21); therefore, 75 GeV is an
excellent compromise. [76] The di-muon differential cross
section in the c.m. frame is equal to [77],

o | X
o= 3PS B@-pine). S =1 Ty

X(p) =ﬂ7§1\/ 1=/, (22)

where f = 1—4r:‘2‘, and S(f) is the Sommerfeld-

Schwinger-Sakharov threshold enhancement factor from
Coulomb rescattering [78]. The total cross section is found
by integrating the differential formula,

_2mapS(p) (| P
- 1)

(23)

and its dependence on the positron beam energy is
represented in Fig. 21.

At75 GeV, the cross section for the process 6+ .-+, 18
1.1, pb, which is very close to its maximum value. The
maximum angle of the muons in the lab frame is approx-
imately 3 mrad. Consequently, the acceptance is primarily
limited by the lower bound of 0.73 mrad, determined by the
inner hole (6 cm radius) of the straw tracker located 82 m
downstream of the target. The angular distribution 8y, for
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ete™ — pTp~ annihilation cross section at fixed target as a function of the positron beam energy (left) and distribution of 0y,

for the two muons (right), with the straw tracker blind region in red.

the muon pair is shown in Fig. 21, along with the straw
tracker’s blind region.

The acceptance for O, > 0.73 mrad, calculated by
integrating the differential cross section, is approximately
86%. Assuming an ~80% selection and reconstruction effi-
ciency and including the Z factor due to the target material,
3.02 x 1078 events/eTOT are expected for the 0.5 mm Si
target and 5 times more in the W case.

In one year of data collection with a 75 GeV beam and a
positron flux of 2 x 10'* eToT, approximately N+

e sptp ™
6 x 10% events are expected, leading to a statistical uncer-
tainty on the CS of ~0.05%. The background contribution
from misidentified Bhabha scattering events is strongly
suppressed by the NA62 PID system, while contributions
from bremsstrahlung photon conversion in the field of a
nucleus (yN — Nu'u~) and virtual photon bremsstrahlung
from e™ scattering off a Z nucleus (etZ — etZy* —
et Zutu™) are suppressed by charged particle vetos and
di-muon mass reconstruction. With proper control of
systematic uncertainties, a few per-mille level precision
in the measurement of the cross section is achievable in a
short time scale.

IX. TRUE MUONIUM OBSERVATION AT NAG62E +

Quantum electrodynamics (QED) predicts the existence
of several bound states beyond standard atoms, including
purely leptonic systems. The lightest such system, posi-
tronium (e e™), was discovered decades ago and has been
extensively studied. True muonium (TM) (™) and true
tauonium (z"7~), however, have never been observed. This
is primarily due to the lack of e*e™ colliders operating at
the appropriate c.m. energy to exploit the enhanced
resonant cross section, as well as challenges related to
dissociation effects in matter that complicate fixed-target
production. Atomic spectroscopy of true muonium is
sensitive to contributions from hadronic vacuum polariza-
tion, such as those affecting the muon anomalous magnetic
moment [79], as well as to potential new physics involving

lepton couplings [80]. Before pursuing TM spectroscopy,
an initial observation of true muonium is necessary to
enable preliminary studies, validate production and decay
models, and lay the groundwork for future investigations.

Many pathways for its discovery are known, but one of
the most promising is resonant production using a positron
beam impinging on multiple thin lithium targets [9], which
is also doable at NA62. A dedicated low energy data taking
period at the di-muon threshold (43.7 GeV) could be
performed as positron yield per proton on target is expected
to be higher with respect to the nominal 75 GeV, as shown
in Fig. 4. Together with possible true muonium discovery,
the run will provide enhanced sensitivity to visible decays
of low mass dark sectors candidates and useful information
on the ete™ — putu~ cross section production at threshold.

True muonium has two spin states: para-TM (spin 0),
which decays into yy, and ortho-TM (spin 1), which decays
into e*e~. The ortho-TM state can be observed at NA62 by
searching for its displaced decay vertices in e*e™.

The probability of producing the ground state (1S) in
e' e interactions is €;g = 83%, and its lifetime at rest is
1.8 ps. This corresponds to a decay length of 11.3 cm for
resonant production in a fixed-target setup [9]. Higher
excited states (nS) can also be produced, with probabilities
€,s proportional to n~3, which slightly increase the signal
yield. The impact of these higher excited states, which also
have higher ( %) lifetimes, and the potential for modi-
fying the experimental setup to better exploit their pro-
duction should be addressed in future studies, as these
considerations are beyond the scope of this paper.

To compute a true muonium production rate under
realistic conditions, which involve non-negligible fluctua-
tions in 4/s and initial state radiation effects [9], the peak
ete” — TM cross section o] %, of 66.6 nb must be scaled
down by considering the probability p = 4.35 x 10~
that the beam c.m. energy falls within the energy window
where bound states are allowed [78]. This window has a
width equal to the TM binding energy of 1.4 keV.
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FIG. 22. Left: Layout of the target-tracker setup: 4 cells with 4 lithium foils (black) and 2 silicon detectors (blue) each. Right: Layout
of the targets together with the straw tube tracker modules (red) [13]. A distance of 28 m between the first target and the first tracker layer
is chosen. Lines corresponding to minimum and maximum angles are drawn, respectively, in violet and green.

The effects of electron motion within the lithium target
atoms and positron energy losses have also been included
in the analysis [9]. However, their estimated impact is
negligible given the NA62e+ beam energy spread of
approximately 1%.

The most significant effect caused by matter is dissoci-
ation, as TM predominantly dissociates into x* and p~
when passing through thick targets, with a dissociation
cross section of ¢, ~ 13Z> b [81]. For lithium, the dis-
sociation length is ;' = 1.86 mm. A practical approach is
to use an assembly of multiple lithium targets, each 4 mm
thick (~2u3"), operated in vacuum. These targets should be
spaced along the beam direction such that the majority of
the TM decays occur in the gaps between the targets.

The number of surviving TM atoms produced for one
target per positron is [9]

dTM ~ popes

- | = e2)e o = 6.6 x 1073, 5.
de™ dN grge 3zb (T ens s

(24)

With a TM 1S decay length of 11.3 cm, a possible choice
is to use 4 target cells, each featuring 4 beryllium foils spaced
by 20 cm with tracking stations between them., i.e., 2 silicon
detectors with a 20 cm spacing, for a total of 8 silicon
detectors and 20 lithium foils (see Fig. 22). Including a
10 cm spacing between the last silicon detector of a cell and
the first of the next cell, every cell is 110 cm long, for a total
length of the target-trackers system of 4.4 m.

A. Backgrounds discussion and detector requirements

The eTe™ — eTe~ Bhabha scattering represents the
main source of the background, as followed by the com-
parison of cross section and the fact that it has the same
c.m. energy and final states of TM e™ e~ decays [9]. Note
that the background coming from di-muon production can
be safely neglected due to the excellent particle identifi-
cation capabilities of the NA62 experiment. From the
experimental point of view, the only differences between
the Bhabha scattering process and the TM production and

decay in e™ e~ are the angular distribution in the ¢.m. frame
and the nonzero decay length of the TM.

An angular cut in the cm. § <6, < %ﬂ was chosen,
resulting in a decrease of signal yield of a factor ¢y =
62% and a Bhabha cross section of og, = 21Zub. The
minimum (maximum) angle in the lab frame of the et /e~
originating from TM decays or Bhabha scattering are then
2.7 (16.6) mrad, corresponding to maximum (minimum)
energies of 37.3 (6.4) GeV [9].

The NAG62 straw tracker and LKr calorimeter are readily
employable for this measurement. They are placed in a
telescopic setup, meaning they have the same angular
acceptance. The straw tracker has a hole at the center with
a radius of 6 cm and an outer radius of 105 cm, with a
distance between the first and last straw layer of 35 m [13].
By placing the first target at a distance of 28 m from the first
straw layer, the acceptance for the TM decay products with
the above described 6., cut is nearly 100%, as shown in
Fig. 22. The only additional detectors required for the
current NA62 setup are the silicon detectors inside the
target. A per-layer resolution of 5 pm and a material budget
of 0.3%X are required, as estimated through simulations.
Consequently, very thin monolithic pixel sensors, such as
those planned for the ITS-3 ALICE upgrade or similar
products [82], are necessary.

B. Monte Carlo Simulations

A simulation with 10'* ¢*OT was conducted to dem-
onstrate the feasibility of efficiently suppressing the QED
background by distinguishing true muonium (TM) decays
with displaced vertices from Bhabha scattering originating
in the targets [9].

A calorimeter resolution of oz/E = 5%/+/E[GeV] &
10%/E[GeV] & 1%, similar to that of the LKr calorimeter,
was used. To identify Bhabha 4+ TM events within the
0.,, acceptance, a series of preselection cuts were applied.
The vertex z of e"e™ candidates was then reconstructed,
followed by additional quality cuts, resulting in a total
reconstruction efficiency of €., = 77.4%. The identifica-
tion of TM decays versus Bhabha scattering is achieved by
applying cuts on the reconstructed vertex in the z-direction
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FIG. 23. Reconstructed vertex z position after all other cuts for

4 targets of one simulated cell. The data at 800 mm provide a very
small yield and are due to fake vertices inside the first silicon
detector.

(see Fig. 23), after all other cuts. Background-free regions
in z are selected, so the expected background is determined
by the simulated statistics, yielding 10~'* BG events per
etoT for one cell.

The cuts on the vertex z position have different effi-
ciencies for TM events coming from different targets. The
average value for these efficiencies is 42.5% [9].

C. Discovery potential

Depending on the experimental needs and data-taking
time requirements for the primary goal of the experiment,
which is dark sector searches, the TM discovery could be
conducted in either a short run (less than one month or even
one week) using a dedicated target setup or a section of it or
in an approximately 3-month-long run using a less demand-
ing setup with only one lithium target and two silicon
tracker stations.

D. Dedicated target setup: 16 target stations

With the full target assembly discussed above, a dis-
covery is possible in a very short time, making it the best
choice in case of limited time at 43.6 GeV.

The global efficiency in Eq. (24) is evaluated by combin-
ing the probability to produce a 1S TM (¢;5 = 83%), the
angular efficiency (e, = 62%), the reconstruction effi-
ciency (€rco = 77.4%), and the vertex-based selection
efficiency (e, = 42%), reaching a value of ¢, = 16.5%.
After multiplying by the number of targets (N oo = 16), the
value of selected TM per e™OT is evaluated to be

NTM

o7 = CoNuga 66X 1077 = 174 10712 (25)

The expected background yield per etoT, given the
simulated statistics of (10'* ¢ToT) per cell and on the
number of cells Ny = 4 is

NBG :Ncells
etoT 10"

=4 x 10714, (26)

corresponding to a S/BG ratio of roughly 20.

In a data-taking period of 1 month out of 7 total months/
year of data-taking, e*OT =2 x 10'%/7 =2.8 x 10'3.
Therefore, 48.8(1.1) signal (background) events are
expected, corresponding to an 16.8¢ significance, which
motivates hopes for a discovery also when including all
experimental effects neglected in the toy simulation.
Moreover, a discovery level of significance of 6.7¢ could
also be reached in a very short dedicated run of just
one week.

E. Parasitic setup with a single target station

In order to reduce costs and the impact of the target
installation on the main experiment schedule, a simplified
target station can be used in the parasitic mode.

In this case, only the last target of the assembly
sketched above would be used; therefore, €, = 56% (see
Table II of [9]), translating in 1.45 x 10~!3 TM/e*oT and
2.5 x 10715 BGK/e* OT events. In a period of 3 months
out of 7 total months/year of SPS standard data-taking,
e"OT =2 x 10" x2/7 = 5.7 x 10'3; therefore, 8.3(0.14)
signal (background) events are expected, corresponding to
an 7.2¢ significance.

X. CONCLUSIONS

In this paper, we propose a physics program for the
CERN NA, utilizing the existing NA62 detector and a
newly developed high-intensity 75 GeV positron beam line.
By capitalizing on the high proton flux expected in the
post-LS3 era in the North Area, we suggest that positron
fluxes ~2 x 10'* ¢*OT/year can be achieved using a
small fraction of the protons delivered to the beam dump
facility.

A dedicated feasibility and performance study by the
CERN accelerator division on the development of a high-
energy positron beam line in the NA would be highly
desirable. Such a study would help determine the maximum
achievable positron beam flux under various future North
Area scenarios.

The extended decay region, wide angular coverage of the
veto systems, and the high-performance particle identifi-
cation capabilities of the NA62 detector provide substantial
advantages in suppressing background.

The proposed physics program focuses on dark sector
searches using positrons on thin target collisions and
positron dump mode. We have demonstrated that the
NAG62e+ experiment can achieve leading sensitivity to
both visible and invisible decays of dark photons and ALPs
within a short time frame. The program can also include
critical precision tests of the Standard Model, conducted
concurrently with the thin target experiments. Precise
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measurements of hadronic cross sections at low /s can
provide significant insights into the (g-2), anomaly, con-
tributing to a deeper understanding of this long-standing
discrepancy. Moreover, by reducing the c.m. energy to the
di-muon production threshold (Ege,m ~ 45 GeV), ete™ —
utu interactions can be precisely studied, including the
potential for the first observation of true muonium atoms.

The NAG62e+ physics program can be expanded to
include additional dark sector models, such as inelastic
dark matter, millicharged particles, and B — L scenarios.
This physics program can be accomplished together with
the main BDF program, providing complementary results
both in terms of parameter space and models explored with
respect to the SHiP experiment [7]. With the SHiP and
NAG62e+ program running simultaneously, CERN NA
would gain a world leading position in searching for feebly
interacting particles, being able to access hadronic and
leptonic production mechanisms, extended coupling and
mass regions, and covering both lepto-phobic and lepto-
phillic models at the same time.

Finally, building a multi-technique positron-based dark
sector experiment like NA62e+- offers a unique opportunity
to probe the background limits of nearly all dark sector
search techniques using positrons on target, establishing a
foundation for future investigations at the extracted beam
lines of the FCC-ee accelerator.
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