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True muonium (μþμ−) is one of the heaviest and smallest electromagnetic bound states not containing
hadrons, and has never been observed so far. In this work we show that the spin-1 TM state (ortho-TM) can
be observed at a discovery level of significance in three months at the CERN SPS North-Area H4A beam
line, using 43.7 GeV secondary positrons. In this way, by impinging the positrons on multiple thin low-Z
targets, ortho-TM, which decays predominantly to eþe−, can be produced from eþe− → TM interaction on
resonance (

ffiffiffi
s

p
∼ 2mμ).
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I. INTRODUCTION

Quantum electrodynamics (QED) predicts the existence
of several bound states, in addition to standard atoms, such
as purely leptonic systems. The lightest one, positronium
(eþe−), has been discovered decades ago and extensively
studied [1].
In contrast, true muonium (μþμ−) and true tauonium

(τþτ−) have never been observed, due to the lack of eþe-
colliders running at the proper center-of-mass energy to
exploit the enhanced resonant cross section. In addition,
dissociation effects in matter complicate detection in fixed-
target experiments. Focusing on true muonium (TM), there
are several known pathways for its discovery. The simplest
one, from a theoretical point of view, is the resonant
production of ortho-TM (spin 1 state, decaying into
eþe−) in eþe− collisions. Its 66.6 nb peak cross section
allows the observation of TM → eþe− through displaced
decay vertices [2]:

(i) at new dedicated colliders:
(a) using large-angle collisions and Oð1Þ GeV

beam energies, creating boosted and easily
observable TM atoms, but facing difficulties
in building a dedicated collider with a particular
geometry [3,4]

(b) using normal small-angle collisions at the properffiffiffi
s

p
≈ 2mμ center-of-mass energy and observing

only the TM excited states with longer life-
times [5]

(ii) at fixed-target experiments with positron beams of
∼43.7 GeV (readily available at the CERN North-
Area H4A beam line facility), to have eþe− colli-
sions at

ffiffiffi
s

p
≈ 2mμ [6]

Another option with eþe− interactions is out-of-
resonance radiative eþe− → TMγ production [2] at
existing colliders running at Oð1Þ GeV center-of-mass
energies, with very low Oð10−1Þ fb cross sections.
It is also possible to create TM from mesons decays [7,8]:
(i) η → TMγ, with a branching ratio of ∼5 × 10−10 [9].

This production mode will be searched for at LHCb
starting from the large pp → ηX sample [10]

(ii) KL → TMγ, with a branching ratio of ∼7 × 10−13

[11], searchable by future neutral-kaon based high-
intensity experiments

Other possibilities are
(i) Bremmstrahlung-like and tripletlike processes in

electron-nucleus scattering (eZ → eTMZ) [12],
which has an extremely low cross section of
Oð10−2Þ fb [13]

(ii) Photon-photon fusion in relativistic heavy ion colli-
sions [14], with reasonably high Oð1Þ μb cross
section. Note that for heavy ion colliders (such as
LHC) the luminosity ranges in the Oð1Þ nb−1 per
year region.

(iii) Interactions of ultraslow negative and positive
muons within a target, with interactions of μ− with
muonium (μþe−) or μþ with muonic hydrogen
(μ−p) [15]
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Among all these methods, the only ones having a
potentially fast timescale are fixed-target resonant eþe−
production and η meson decay based production. As a
matter of fact, they do not require the construction of new
colliders or beam facilities. TM production from η meson
decay only requires the LHCb Run 3 data to be analyzed
starting in 2025, while fixed-target resonant eþe− → TM
production can be realized in three months of data-taking in
a readily available experimental hall (H4 beam line at the
CERN North Area) with standard detector technologies
using a 43.7 GeV positron beam.
This paper focuses on this last option and includes

theoretical calculations of the effective event yield, dis-
cussions on target geometry, beam and detector require-
ments, and the discovery potential.

II. TRUE MUONIUM PROPERTIES

The TM energy levels can be calculated by rescaling the
positronium spectrum: the binding energy of the deepest
level (1S) is B:E:ð1SÞ ¼ 1.4 keV, as shown in Fig. 1.
Like positronium, TM has two spin states: para-TM

(spin 0), which decays to γγ, and ortho-TM (spin 1), which
decays predominantly to eþe− [2].
The lifetimes of the nth S levels for the two spin

states s ¼ 0, 1 are proportional to n3 (at lowest order),
as follows [2]:

τðTMs¼1ðnSÞÞ ¼
6ℏn3

α5mμc2
∼ n3 × 1.8 ps; ð1Þ

τðTMs¼0ðnSÞÞ ¼
1

3
τðnSs¼1 → eþe−Þ: ð2Þ

These lifetimes are much shorter than the muon lifetime;
therefore, the muons in the TM can be considered stable
particles.

III. e + e− → TM PRODUCTION CROSS SECTION
AT FIXED-TARGET

The total production cross section for true muonium on
resonance in eþe− scattering reads [2]

σONR ¼ 2π2
α3

s
¼ π2α3

2m2
μ
¼ 66.6 nb: ð3Þ

The probability to produce TM in a state n is propor-
tional to n−3 [2], and the normalization factor is ζð3Þ, where

ζðkÞ ¼
Xþ∞

n¼1

1

nk
ð4Þ

is the Riemann Zeta function.
Hence, the probability to produce the TM in the ground

state 1S is ϵ1S ¼ 83%.
In order to address TM production in real conditions,

with non-negligible fluctuations in the
ffiffiffi
s

p
, the cross section

in Eq. (3) need to be reduced accounting for the probability
p (p-factor) that the beam center-of-mass energy is in
the range ð2mμ − B:E:ð1SÞ; 2mμÞ where bound states are
allowed [2]. To obtain a precise value of the cross section,
the effect of initial state radiation must also be included.

A. Matter effects

With respect to colliders, fixed-target resonant produc-
tion presents two additional effects due to the presence of a
solid target.
The dominant process in the interaction of TM with

target material is dissociation into μþμ− pair. The disso-
ciation cross section is very large (σd ∼ 13Z2 b) as pointed
out in [10].
Incoherent interactions with matter can also cause TM to

change its spin, from the ortho form, produced in the eþe−
collision, to the para form. The subsequent decay of the
para-TM into γγ, instead of the expected eþe−, can cause
detection inefficiencies [16]. The ortho-para transitions
have cross sections of Oð1Þ mb, which is at least 104

smaller than the dissociation cross section. For this reason
this effect can be safely neglected.
The expected TM yield per impinging positron for a

target of thickness Δz, and ϵ global detection efficiency,
including the p-factor (see next sections) is

dTM
deþdNtarget

¼ ϵNAρZpσONR

Z
Δz

0

dze−μdz

¼ ϵ
pσONR
13Z b

ð1 − e−ΔzμdÞ; ð5Þ

where ρ is the atomic density and μd ¼ NAρσd is the
inverse dissociation length.
This formula underlines two important facts: Firstly, the

event yield as a function of the target thickness saturates for
FIG. 1. True muonium levels, lifetimes and transitions diagram
for n ≤ 3 (spacing not to scale) [2].
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large thickness values, reaching an upper limit depending
only on the material. Secondly, low-Z targets produce
higher yield. The natural material choice for the target is
therefore lithium, which is the lightest element available in
metallic foils. Lithium is highly reactive, so it should be
kept under inert gas, mineral oil, or vacuum. This require-
ment is not particularly problematic from a technological
standpoint.
Going back to interactions of TMwith matter, the second

very important effect is the non-negligible fluctuation of the
momenta of the target electrons, due to atomic bonds. As
recently pointed out in [17] the electron motion in the target
material can affect the effective production cross section
significantly by changing the actual

ffiffiffi
s

p
of the collision

with respect to the electron at rest hypotheses.
Taking k−; E−; β−; γ− as the electron kinematical varia-

bles, and θ− as the electron angle with respect to the beam
direction during the collision, the resulting center-of-mass
energy is

ffiffiffi
s

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m2

e þ 2E−Eþ − 2Eþk− cos θ−
q

. ð6Þ

The distribution of electron momenta is taken from data
obtained with Compton spectroscopy, an experimental
technique to prove the momentum-space density nðkÞ of
electrons inside materials, while θ is distributed isotropi-
cally because the lithium targets are polycrystalline. In the
case of lithium metal, the nðkÞ distribution extrapolated
from data is [18]

nðkÞ ¼
(
n0 − α−ð k

kF
Þβ− ðk ≤ kFÞ

αþð k
kF
Þβþ ðk > kFÞ

; ð7Þ

where ðn0 ¼ 0.85), ðαþ; α−; βþ; β−Þ ¼ ð0.144; 0.134;
−6.21; 3.24Þ and kF ¼ 0.59 atomic units, corresponding
to kFc¼ 2.2 keV. The resulting

ffiffiffi
s

p
distribution for a

positron beam of 43.7 GeV, as shown in Fig. 2, has a
∼200 keV spread, corresponding to a relative fluctuation
of 1‰.
Moreover, the fluctuation in

ffiffiffi
s

p
due to the positrons’

energy loss in the material is negligible in practical cases:
for a total target length of 20 cm, the average energy loss by
ionization is ∼17 MeV, translating into a relative difference
in

ffiffiffi
s

p
which is a factorOð10−1Þ smaller than the fluctuation

due to electrons motion. Hence, in the proposed setup, the
dominant effect on the value of the

ffiffiffi
s

p
of the collisions

remains the original 1.2% beam energy spread typical of
the H4 beam line [19].

B. Beam energy fluctuations

As stated above, the signal yield is reduced by beam
energy fluctuations. The beam momentum distribution is
assumed to be uniform with a �1.2% spread [19], centered
at 43.7 GeV. After including this beam fluctuation, along

with the electron motion sketched in the previous section,
the full center-of-mass distribution Gð ffiffiffi

s
p Þwas evaluated, as

shown in Fig. 2. As expected, Gð ffiffiffi
s

p Þ resembles the original
uniform beam energy distribution, showing signs of the
contamination due to electron motion just in the tails.

C. Initial state radiation

The combined effects of beam energy fluctuations and
ISR (initial state radiation) on the TM production cross
section should be carefully evaluated.
The lowest-order cross section for producing TM (not

including ISR) is assumed to be constant and equal to
Eq. (3) within the window ½2mμ − ΔE; 2mμ�, and zero
outside this range. Assuming Gð ffiffiffi

s
p Þ the

ffiffiffi
s

p
probability

density function accounting for beam energy spread, and
fISRðx;

ffiffiffi
s

p Þ as the proper QED radiator function (see
Appendix B), the effective cross section reads

σTM;eff ¼
Z

ds0GBES

� ffiffiffiffi
s0

p �Z
dxfISR

�
x;

ffiffiffiffi
s0

p �
σTM

�
x

ffiffiffiffi
s0

p �
;

ð8Þ
where the x integral is evaluated with the following extrema

xminð
ffiffiffiffi
s0

p
Þ ¼ min

�
1;
2mμ − ΔEffiffiffiffi

s0
p

�
; ð9Þ

xmaxð
ffiffiffiffi
s0

p
Þ ¼ min

�
1;
2mμffiffiffiffi
s0

p
�
. ð10Þ

By evaluating the integral numerically, a σTM;eff of 29 pb,
corresponding to a p-factor of 4.35 × 10−4, is obtained.

IV. TARGET ASSEMBLY

Due to the small value of the cross section and the
relatively low positron fluxes of CERN SPS H4 beamlines,
it was decided to study an innovative design with a multiple
target assembly, to increase production rates, because with
only one target (as proposed in [6]) the signal rate is very

FIG. 2. Distribution of
ffiffiffi
s

p
including lithium target electron

motion, with and without fluctuations to due beam energy
spread (BES).
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low for a discovery, if all effects are included. The TM
dissociation length in lithium is μ−1d ¼ 1.86 mm, which
indicates a lithium target thickness of 4 mm (∼2μ−1d ) as the
best choice. The target spacing along the beam direction is
designed in such a way that the majority of TM decays
occurs between two targets. The number of undissociated
TM atoms produced for each target per each impinging
positron is

dTM
deþdNtarget

¼ ϵ
pσONR
13Z b

ð1 − e−ΔzμdÞ ¼ 6.6 × 10−13ϵ ð11Þ

as in Eq. (5). As the TM 1S decay length βγcτ for a
43.7 GeV positron beam is 11.3 cm, a reasonable choice,
motivated by space constraints in the H4 area, is to have 10
target cells, each featuring 4 targets spaced 20 cm. A
tracking station will be placed after each cell; these tracking
stations will consist of 2 layers of silicon detectors spaced
by 20 cm. In total where will be 8 silicon detectors and 40
lithium foil targets. Including a 20 cm spacing between the
last silicon detector of a cell and the first of the next cell,
every cell is 120 cm long, for a total length of the target-
silicon detectors system of 12 m, as shown in Fig. 3.
The target station can fit in the H4A area, before the

Goliath magnet, as showed during the LEMMA test beam
[20]. The target’s transverse area needs to match the beam
spot size (1 cm × 1 cm).

V. PRELIMINARY BACKGROUNDS ESTIMATES

A 43.7 GeV positron beam on a fixed target, can produce
both electromagnetic eþðe−; pÞ and weak eþðe−; p; nÞ
interactions.
The rate of electromagnetic Moller eþp interactions is

roughly a factor me=mp ∼ 1=2000 smaller compared to
eþe−, due to the 1=s scaling of cross sections.
Even when eþp interactions occur, the scattered proton

typically has low energy because the scattering Møller is
dominated by t- and u-channel processes. As a result, it

rarely produces secondary particles that could potentially
mimic a signal.
The Bhabha scattering cross section is tens to hundreds

of microbarn, depending on the angular cuts [5], while the
weak cross sections are of the order of 1 pb per atom [21].
Bhabha scattering eþe− → eþe− is the main source of

background, as indicated by the comparison of cross
sections. Additionally, it is the only background source
that shares the same center-of-mass energy and final states
as the target process (TM) eþe− decays. Experimentally,
the primary differences between Bhabha scattering and TM
decays are the angular distributions in the center-of-mass
frame and the displaced decays of TM.
Therefore, the background suppression is divided in

three steps: selecting Bhabhaþ TM events, suppressing the
Bhabha background, by applying angular cuts, and finally
isolating TM decays, by leveraging their displaced decay
vertices.

A. Bhabha scattering background estimate

At the leading order, the differential Bhabha scattering
cross section is given by

dσ
dΩ� ¼

α2

2s

�
1þ cos4ðθcm=2Þ
sin4ðθcm=2Þ

−
2cos4ðθcm=2Þ
sin2ðθcm=2Þ

þ 1þ cos2ðθcmÞ
2

�
. ð12Þ

Electron pairs originating from Bhabha scattering have
predominantly small θcm angles. TM decay products, on
the contrary, are distributed as expected for spin-1 particles:

dN
d cos θcm

∝ ð1þ cos2 θcmÞ. For simplicity, a symmetrical
angular cut θcm ∈ ½θc; π − θc� was chosen to partly dis-
criminate signal from background. The asymptotic signifi-
cance, shown in Fig. 4, is [22]

ZðθcÞ ¼
σTMðθc < θcm < π − θcÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σBhabhaðθc < θcm < π − θcÞ

p . ð13Þ

FIG. 3. Sketch of the target-tracker setup, including 10 cells
with lithium targets in black and silicon detectors in blue.

FIG. 4. Significance scan in the cut angle θc (θcm∈ ½θc;π− θc�),
at 1° steps [see Eq. (13)].
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The significance was scanned for several θc values. The
shape of ZðθcÞ does not change if the signal or background
yields are modified by other uncorrelated quantities. For
this reason, its maximum could be used to identify the
optimal angular cut. As a compromise between the optimal
angle θcopt ¼ 53° and the desire to maximize the TM yield,
an angular cut of θc ¼ 45° was chosen. This decision
resulted in a reduction of the signal yield by a factor of
ϵθcm ¼ 62% and a Bhabha scattering cross section of
σBh ¼ 21μb. The minimum (maximum) angles in the lab
frame of the eþ=e− originating from TM decays or Bhabha
scattering are then 2.7(16.6) mrad, corresponding to maxi-
mum (minimum) energies of 37.3(6.4) GeV.

VI. DETECTOR REQUIREMENTS

In order to efficiently select TM events, the momentum
and decay vertex of its decay products have to be measured.
To complete this task, a minimal set of detectors is needed,
as shown in Fig. 5

(i) A gas Cherenchov threshold counter before the
target, to distinguish beam positrons from hadron
contamination, with a purity to be established with
further simulations

(ii) A target assembly equipped with silicon pixel based
vertex detectors

(iii) A large-area spectrometer, with tracking planes
before (just at the end of target) and after the Goliath
magnet at H4A [23] for charge selection and photon
rejection

(iv) An electromagnetic calorimeter downstream of the
spectrometer

A. Silicon trackers within the target assembly

The silicon detectors area must be dimensioned on the
basis of the beam spot at H4 (∼1 × 1 cm2) and of the
maximum transverse track projection after 1 cell (1 m), i.e.,
16.6 mrad × 1 m ¼ 1.66 cm. According to these values,
silicon detectors with an area of ∼4.5 × 4.5 cm2 provide
full geometrical acceptance.

As indicated by simulations, a per-layer 5 μm resolution
and a 0.3% X0 material budget are required. Only very thin
monolithic pixel sensors, such as the ones foreseen for the
ITS-3 ALICE upgrade [24] are able to match requirements.
The total silicon detectors area would be 405 cm2 that is
∼0.04 m2, to be compared to the ∼10 m2 total area of
ITS-3, whose cost is estimated around ∼5 million CHF
[25]. Scaling the price naively with the detector’s area, a
relatively contained cost around 20 kCHF can be estimated.

B. Spectrometer and calorimeter

H4 beam line has some permanent equipment among
which a large gap dipole magnet known as Goliath which is
frequently used as the magnetic element of spectrometers.
The Goliath magnet features a uniform vertical magnetic
field of B ¼ 1.2 T over a length of 2 m along the beam axis,
with an aperture of 2.3 m in the x-direction and 0.9 m in the
y-direction [23].
With such high bending power, even the most energetic

particles have a radius of curvature of R ∼ 120 m. The
resulting horizontal angle of L=R ¼ 16.4 mrad, translates
into a difference Δxmin ¼ 7.4 cm between x-coordinates of
the tracks before the 4.5 m long magnet and expected
positions in x after the magnet. By using two large-area
scintillating or gas detectors before (just at the end of the
target) and after the magnet, positive and negative particles
can be easily discriminated.
With a x coordinate resolution σx ¼ 0.5 cm, negative

and positive particles can be separated with at least
2Δxmin=ð

ffiffiffi
2

p
σxÞ ¼ 20σ confidence.

By using a low material-budget detector for the first
tracking plane to prevent photon conversions, this setup can
effectively reject photons. If photons convert in the first
tracker, they produce an additional electron-positron pair
which is vetoed, while if they convert in the second tracking
plane, they produce hits not matching the first tracker hits.
If no conversion occurs in the two planes, photons can be
easily rejected by matching hits between the calorimeter
and tracking detectors, as it is typically done.
A key aspect of the feasibility study is the impact of the

magnet on the angular acceptance. After the angular cuts
chosen above, the maximum transverse projection of tracks
at the end of the target is 16.6 mrad × 12 m ∼ 20 cm,
fitting the magnet aperture in x and y. On the other hand,
after the magnet (placed 16.5 meters after the first target),
the maximum projection is 27.4 cm neglecting the mag-
netic field effect, which provides an additional spread in x
of 7.4 cm for 43.7 GeV tracks and 50.5 cm for tracks at the
minimum energy of 6.4 GeV, therefore fitting in any case
the magnet aperture in x and y.
In order to achieve 100% geometrical acceptance, the two

tracking planes must have active areas about 40 × 40 cm2

and 55 × 156 cm2, respectively. The calorimeter should
cover the same area as the second detector. A cost-effective
solution for the calorimeter is to use large lead-glass blocks,

FIG. 5. Sketch of the setup including the detectors and the
Goliath magnet.
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similar to those used in the OPAL experiment, which can
provide an energy resolution of 5%ffiffiffiffiffiffiffiffiffiffiffi

E½GeV�
p [26].

VII. MONTE CARLO SIMULATIONS

A proof-of-concept simulation was performed to demon-
strate the possibility to efficiently suppress the background,
by distinguishing TM decays with displaced vertices from
events (mostly Bhabha) originating from the targets. The
simulation used the Geant4 package and employed only four
15 × 15 mm2 targets and silicon detectors (with a 300 μm
thickness each) for one cell, and a 20 × 20 cm2 virtual
detector at 20 cm from the last silicon array, to mimic
the spectrometer-calorimeter setup. A total of NPOT ¼ 1014

positrons on target (POT) were simulated, using as a
monochromatic pencil beam with no beam spot size.
Due to computing power constraints, a full simulationwith

all 10 cells was not feasible. Also a simulation including all
the detectors are outside the scope of this paper. However,
Bhabha scattering and TM decay products only cross a few
cells for geometrical reasons, making the one-cell simulation
an acceptable first estimate. Each cell has a∼1%X0 material
budget, therefore the effect on the signal efficiency is
negligible. An increase of the background is also unlikely,
given that interactions of Bhabha scattering products in cells
after detection cannot spoil in any way the vertex already
reconstructed by the silicon trackers, considering in addition
that the analysis cuts are designed to reject hard interactions
that are not 2-body processes.
A preselection was applied during the simulation based

on the number of tracks impinging on the virtual detector.
Only events with exactly 1 positive and 1 negative charged
tracks, and any number of neutral particles on the detector
were accepted. In addition, both charged particles were
required to have 2 mrad < θlab < 20 mrad and energies
between 3 and 42 GeV. After generation stage, to simulate
the experimental effects, a smearing, reconstruction and
selection procedure was applied to saved data.
Particle energies were smeared with a realistic calorimeter

resolution of σE=E¼5%=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E½GeV�p

⊕10%=E½GeV�⊕1%.
The x and y positions on silicon detectors were smeared

with a Gaussian 5 μm resolution, and finally θlab angles
were reconstructed using information from the smeared
positions on the silicon detectors.
To identify Bhabha (TM-like) events within the θcm

acceptance, a preselection was first applied, requiring:
(i) Total energy within 15% of the beam energy
(ii) Total energy of charged particles within 30% of the

beam energy
(iii) Two tracks in each silicon detector
(iv) Exactly one positive and one negative track in the

virtual detector after the target
(v) θlab > 2 mrad for both tracks
(vi) Combined mass of the two tracks within 15 MeVof

the TM mass

The cumulative efficiency of these cuts is estimated to be
92%, by normalizing with respect to the total number of
Bhabha events expected with 4 targets in the π=4 < θcm <
3=4π acceptance, i.e.

NBh ¼NtargetNAρ
Z
A
ΔzσBhNPOT ¼ 4.66× 10−6NPOT ð14Þ

The separation of positive, negative and neutral particles
is obtained using the combined spectrometer-calorimeter
geometry as already described, but the impact of photons
converting in the tracking planes should be evaluated with
further simulations.
The z position of the starting point of each track was

reconstructed as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
=arctan θ, where x, y and θ are

measured by the silicon pixel trackers. The z coordinate of
the vertex is then evaluated as the arithmetic average of zþ
and z−, i.e., the eþ and e− reconstructed z positions. It was
checked that this simple and faster way of reconstructing z
gives identical results for our purposes with respect to a
two-tracks fit procedure requiring a common vertex.
After z-reconstruction, additional quality cuts were

applied, as shown in Table I. The resulting total selection
efficiency ϵreco is 77.4%.
The TM-Bhabha scattering separation is obtained using

cuts on the reconstructed z coordinated of the vertex

TABLE I. Summary of the cuts applied on simulated events,
and their efficiency ϵ with respect to the previous one, to the
number of expected Bhabha events, and preselected events.

Cut ϵ #Selected
#Bhabha

#Selected
#Pre−sel.

Preselection N.A. 91.8% 100.0%
jzþ − z−j < 4.5 cm 98.8% 90.6% 98.8%
jpþ

x þ p−
x j < 8 MeV 94.4% 85.5% 93.2%

jpþ
y þ p−

y j < 8 MeV 95.9% 82.0% 89.3%
jEþ þ E−j − Ebeam < 2 GeV 97.5% 79.9% 87.1%
jθcm − π

2
j < π

4
96.9% 77.4% 84.4%

FIG. 6. 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.
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(see Fig. 6). Only the regions in z with no background in
the simulation are accepted, resulting in an expected
background rate of 10−14 events per POT, based on the
simulated statistics.
The efficiency of the cuts on the vertex for each target

(see Table II), summed for the 4 targets on the simulated
cell, is 1.7, therefore the average efficiency of the vertex-
based selection is ϵv ¼ 1.7=4 ¼ 42.5%.

VIII. DISCOVERY POTENTIAL

The global efficiency in Eq. (11) is evaluated by com-
bining the probability to produce a 1S TM (ϵ1S ¼ 83%), the
angular efficiency (ϵθcm ¼ 62%), the reconstruction effi-
ciency (ϵreco ¼ 77.4%), and the vertex-based selection
efficiency (ϵv ¼ 42%), reaching a value of ϵ ¼ 16.5%.
After multiplying by the number of targets (Ntarget ¼ 40),
the value of selected TM per POT is evaluated as

#TM
#eþ

¼ ϵNtarget · 6.6 × 10−13 ¼ 4.35 × 10−12. ð15Þ

The expected background yield per POT depends on the
simulated statistics (1014) for one cell and the number of
cells (Ncells ¼ 10)

#BKG
#eþ

¼ Ncells × 10−14 ¼ 10−13. ð16Þ

For H4, about 3000 spills/day are expected [27], with a
4.8 s duration and a maximum intensity of 107 positrons per
spill at 100 GeV [28]. A test beam for the LEMMA muon
production scheme was performed at 5 × 106 eþ per spill,
without exploiting the maximum intensity [20], at an
energy close to the required value for TM production
(43.6 GeV), while the NA64 collaboration quotes rates
between 5 × 106 eþ and 7 × 106 eþ per spill at 100 GeV.
Given that the positron beam production efficiency
increases at lower energies [29], a rate of 5 × 106 eþ per
spill is taken as a conservative value, and a rate of 107 eþ
per spill is taken as an optimistic one.
Therefore, in 3months of data-taking, a total of 2.7 ð5.4Þ ×

105 spills, corresponding to #eþ ¼ 1.35 ð2.7Þ × 1012, are
integrated with conservative (optimistic) assumptions on the

positron rate. This translates to 5.8 (11.6) expected signal
events and 0.13 (0.26) background events with conservative
(optimistic) assumptions, corresponding to a significance of
5.8 (8.2) σ. Note finally that the expected background is
likely overestimated, due to the relatively low statistics of the
simulated sample.

IX. CONCLUSION

Among QED-bound states, one of the most interesting
ones is the so-called true muonium (TM), a μþμ− bound
state, never observed so far. Ortho-TM (its spin-1 state)
can be produced from eþe− interactions on resonance with
a 67 nb peak cross section at a fixed target experiment
employing a 43.7 GeV positron beam. Taking into
account the beam energy spread, the very small width
of the TM resonance, a O(1%) beam energy spread, and
initial state radiation effects, the cross section is reduced
to Oð10Þ pb.
In this paper, we explored the possibility of searching for

TM in positron on target collisions at the CERN North-
Area H4 beam line using a multitarget approach. Each of
the 10 target station includes 4 lithium targets followed by
two very thin silicon detectors. According to the prelimi-
nary calculations and simulations described in this paper, a
discovery can be obtained in few months of data taking.

ACKNOWLEDGMENTS

The authors are grateful to M. Raggi for the careful
reading of the paper and for valuable suggestions and
comments. We thank H. Lamm for pointing out mistakes
and inconsistencies in an earlier version of the manuscript.

DATA AVAILABILITY

No data were created or analyzed in this study.

APPENDIX A: METHODS

The significance is calculated as

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 logLðN; 0Þ=LðN; 1Þ

p
; ðA1Þ

where LðN; μÞ is the Poissonian likelihood with N
observed events, a signal strength of μ (0 for background
only, 1 for nominal signal yield), sðb) expected signal
(background) events [22]

Lðn; μÞ ¼ ðμsþ bÞN
N!

exp−ðμsþ bÞ. ðA2Þ

Therefore Z can be rewritten in the simpler formula

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
ðsþ bÞ log

�
1þ s

b

�
− s

�s
ðA3Þ

TABLE II. Cuts (zmin, zmax) on vertex z position for each target
of one simulated cell, with the corresponding efficiencies,
evaluated as the integral of the exponential probability for TM
decay.

Target z [mm] zmin [mm] zmax [mm] Partial ϵv

0 70 150 27.3%
200 250 356 39.1%
400 438 571 49.4%
600 631 782 56.0%
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APPENDIX B: INITIAL STATE RADIATION

The ISR radiator function used in Eq. (8) is essentially
the probability that the electron pair carries a given fraction
of the nominal center of mass energy. The following
relations were used [30–32]

fISRðx; sÞ ¼ f0ISRðx; sÞ
�
1þ βl

2
−
1

2
ð1 − x2Þ

�
; ðB1Þ

where βl ¼ 2α
π ðlog s

m2
e
− 1Þ and

f0ISRðx; sÞ ¼
exp ðβl

4
þ α

π ð12 þ π2

3
Þ − γEβlÞ

Γð1þ βlÞ
βlð1 − xÞβl−1:

ðB2Þ
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