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TRUE MUONIUM- properties
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Dark  
Sector

BOUND STATE OF μ+μ- VERY COMPACT QED OBJECT 

2 The µ`µ´
system

True muonium (TM), not to be confused with muonium, the bound system of an electron-antimuon,
pe´

µ
`q, is the purely leptonic bound state of an antimuon and a muon (µ`

µ
´). It stands among

the most compact and heaviest Quantum Electrodynamics (QED) bound states with Bohr ra-
dius1 a

0
TM “ 2{p↵mµq » 512 fm and reduced mass µ “ mµ{2 » 53 MeV (to be compared with

positronium, the electron-positron (e`
e

´) bound state, with a
0
PS “ ↵{p2meq and µ “ me{2 -

mµ{me „ Op102q). Since TM states are short lived („ Opps to nsq) relatively to the muon weak
decay channel �pµ´ Ñ e

´ ` ⌫̄e ` ⌫µq with ⌧µ » 2.2 µs, the pµ`
µ

´q bound system can be looked at
as a pure QED system.
The states of TM are classified in a similar fashion than hydrogen-like atoms atomic states, namely
according to the notation n

2s`1
lj with n being the principal quantum number, s the sum of spins

quantum number, j “ l ` s the total angular momentum quantum number (l is the orbital mo-
mentum quantum number such that pl “ 0q Ñ S, pl “ 1q Ñ P , pl “ 2q Ñ D, ...). Because the
spins of the muon and antimuon can combine in both parallel or antiparallel configurations, the
ground state of TM is either the singlet, para-true-muonium (p ´ TM), 11S0 with J

PC “ 0´`, or
the triplet, ortho-true-muonium (o ´ TM), 13S1 with J

PC “ 1´´.
The gross structure of the energy spectrum of TM (see Fig.1) is obtained in the non-relativistic
quantum mechanics (NRQM) approximation from the solution to the Schrödinger equation for the
hydrogen atom with a Coulomb potential and reduced mass µ “ mµ{2:

E
pnq
TM “ ´↵

2
µ

2n2
“ ´↵

2
mµ

4n2
(2.1)

with ground state binding energy E
p0q
TM “ ´1.4066 keV.
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Figure 1: TM energy spectrum gross structure as obtained in the NRQM from the Schrödinger equation (source:
[14]).

Corrections to the energy levels, such as the fine structure arising from relativistic effects (Dirac
equation), QED radiative corrections (e.g. Lamb shift), or the hyperfine structure resulting from

1Throughout this thesis we shall use the 2018 updated CODATA values from [23] with e.g. ↵ “
1{137.035 999 139p31q and mµ “ 105.658 374 5p24q MeV.
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For a review on the theory see e.g H. Lamm and Y. Ji, EPJ 
Web Conf. 181 (2018) 01016, [arXiv:1712.0342].  

ENHANCED SENSIT IV ITY TO BSM  
compared  to  Ps ,Mu  wh ich  a re   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or  uncer ta in t i es  o f  nuc lea r  e f fec ts  (H ,  μH )
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Predicting and Discovering True Muonium

Henry Lamm1,∗ and Yao Ji2 ,∗∗

1Department of Physics, University of Maryland, College Park, MD 20742, USA
2Institut für Theoretische Physik, Universität Regensburg, Regensburg 93040, Germany

Abstract. The recent observation of discrepancies in the muonic sector moti-

vates searches for the yet undiscovered atom true muonium (µ+µ−). To leverage

potential experimental signals, precise theoretical calculations are required. I

will present the on-going work to compute higher-order corrections to the hy-

perfine splitting and the Lamb shift. Further, possible detection in rare meson

decay experiments like REDTOP and using true muonium production to con-

strain mesonic form factors will be discussed.

1 Introduction

Given the dearth of clear signals beyond the Standard Model (BSM) from the LHC, it may
prove useful to consider more subtle deviations from well-understood observables. Under
this paradigm, one might organize future searches around resolving the “muon problem”:
the curious coincidence that multiple observables in the muonic sector deviate from either
theoretical predictions or similar results with other leptonic flavors.

The most persistent deviation is the the anomalous magnetic moment aµ measured at
Brookhaven [1] to deviate by ≈ 3σ from the theoretical predictions. Upcoming experiments
at Fermilab [2] and J-PARC [3] are expected to reduce the experimental uncertainty by a
factor of four. Simultaneously, the largest two theoretical uncertainties, the hadronic vac-
uum polarization and hadronic light-by-light, are expected to be reduced sufficiently that if
the current mean values persist, the discrepancy would exceed 5σ. Another long-standing
discrepancy in the low energy sector, the charge radii from muonic atoms [4, 5], appears to
be resolving itself with electronic measurements [6] with near-term experiments to clarify
this issue further. If rectified in favor of the muonic results, these observables will put strin-
gent constraints on new physics. At higher energies, the ratio of leptonic decays in D and B

mesons have found 2 − 4σ discrepancies with expectations [7–11].
A new class of observables that can shed light on the muon problem are those associated

with the bound state (µ+µ−) [12–15]. This state has alternatively been dubbed “true muo-
nium” [16], “bimuonium” [17], and “dimuonium” [18]. Simpler bound states like positro-
nium (e+e−), hydrogen, and muonium (µ+e−) have attracted significant attention as testing
grounds for precision QED studies [19], but are limited in their BSM discovery potential by
either the mass suppressionO(me/ΛBS M) or large theoretical uncertainties from unknown nu-
clear structure effects. In contrast, true muonium has a much larger reduced mass (µ =

mµ
2

),
and its QCD corrections are limited to the better-understood hadronic loop effects.

∗e-mail: hlamm@umd.edu
∗∗e-mail: yao.ji@physik.uni-regensburg.de

Alas, true muonium has yet to be directly observed. The first reason is that it is ex-
perimentally difficult to producing low-energy muon pairs, and is exacerbated by the bound
state’s short lifetime (τ ≈ 1 ps), which presents an interesting challenge to experimenters. A
second, more prosaic, reason for the neglect is until the aµ anomaly, it seemed unlikely true
muonium would offer any novel physics justifying the large effort.

In this talk, we present state of the art theoretical predictions for key energy splittings and
lifetimes. Following this, we discuss the possibilities to observe true muonium in upcoming
experiments.

2 Predicting

Resolutions to the muon problem relying upon BSM generically lead to O(100 MHz) correc-
tions to transitions and decay rates of true muonium (e.g, [12]). These 10−6−10−9 corrections
are of plausible size for measurement if the production of large numbers of atoms were pos-
sible. By virtue of the annihilation channel, true muonium observables (e.g. transitions, pro-
duction and decay rates) are sensitive at lower order to new particle content than other atomic
transitions where individual measurements can be insensitive to different particle content (i.e.
Pseudoscalar contributions to the Lamb shift in (µH) are heavily suppressed). O(100 MHz)
is estimated be O(mα7) in true muonium; therefore, our goal should be to predictions of this
level, where hadronic and electroweak effects must be taken into account[13, 20]

The theoretical expression for the energy levels to true muonium from QED can be written

En,l, j,s = −
mµα

2

4n2
+ mµα

4
[

C0 +C1
α

π
+C21α

2 ln

(

1

α

)

+C20

(

α

π

)2

+ C32
α3

π
ln2

(

1

α

)

+C31
α3

π
ln

(

1

α

)

+C30

(

α

π

)3

+ · · ·

]

, (1)

where Ci j indicate the coefficient of the term proportional to (α)i ln j(1/α). Ci j include any
dependence on mass scales other than mµ. The coefficients of single-flavor QED bound states,
used in positronium, are known up to O(meα

6). Partial results exist for O(meα
7) and are an

active research area (For updated reviews of the coefficients see [21, 22]).

True muonium has extra contributions that must be considered. Large Ci j arise for elec-
tronic contributions due to mµ/me ≈ 200. In fact, the Lamb shift is dominated by the elec-
tronic vacuum polarization [23]. The relative smallness of mτ/mµ ≈ 17 and mπ/mµ ≈ 1.3
produces contributions to true muonium much larger than analogous contributions to positro-
nium.

Since [24], a number of important contributions have been computed and an update of
several important transitions are shown in Table 1. For the HFS, improved calculations of
the O(mµα

5) contributions and large O(mµα
6) and O(mµα

7) have reduced the uncertainty be
a factor-of-4 [20, 22, 25, 26]. Spin-independent contributions to the spectra are only known
partially at O(mµα

5), but some large O(mµα
6) terms have been computed and included the

presented results [27].

It should be emphasized that the missing contributions require no new theoretical tech-
niques; positronium, muonium, and muonic hydrogen techniques can be straight-forwardly
applied. Most of the unknown corrections arise from virtual electron loops to photon propa-
gators.

Due in part to the difficulty of in-beam laser spectroscopy, consideration of other methods
of measuring the Lamb shifts should be considered. An older method utilized for atomic
hydrogen [28] has been suggested for true muonium [29] which is similar to the methods
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produces contributions to true muonium much larger than analogous contributions to positro-
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Since [24], a number of important contributions have been computed and an update of
several important transitions are shown in Table 1. For the HFS, improved calculations of
the O(mµα
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6) and O(mµα

7) have reduced the uncertainty be
a factor-of-4 [20, 22, 25, 26]. Spin-independent contributions to the spectra are only known
partially at O(mµα

5), but some large O(mµα
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It should be emphasized that the missing contributions require no new theoretical tech-
niques; positronium, muonium, and muonic hydrogen techniques can be straight-forwardly
applied. Most of the unknown corrections arise from virtual electron loops to photon propa-
gators.

Due in part to the difficulty of in-beam laser spectroscopy, consideration of other methods
of measuring the Lamb shifts should be considered. An older method utilized for atomic
hydrogen [28] has been suggested for true muonium [29] which is similar to the methods
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MANY INTEREST ING PROPOSALS:  
πp → (μ+μ−)n,  γZ → (μ+μ−)Z   S.M. Bilenky, V.H. Nguyen, L.L. Nemenov, F.G. Tkebuchava, Yad. Fiz. 10, 812 (1969) 

eZ → e(μ+μ−)   Z E. Holvik, H.A. Olsen, Phys. Rev. D35, 2124 (1987)   
and more recently at fixed target (HPS@JLAB). A. Banburski, P. Schuster, Phys. Rev. D86, 093007 (2012)

μ+μ− → (μ+μ−) V. Hughes, B. Maglic, Bull. Am. Phys. Soc. 16, 65 (1971) 

e+e− → (μ+μ−)  at Fool’s Intersection Storage Rings, S.J. Brodsky, R.F. Lebed, Phys. Rev. Lett. 102, 213401 (2009) 

e+e− → (μ+μ−)γ   S.J. Brodsky, R.F. Lebed, Phys. Rev. Lett. 102, 213401 (2009) 

η → (μ+μ−)γ       L. Nemenov, Yad. Fiz. 15, 1047 (1972), G. Kozlov, Sov. J. Nucl. Phys. 48, 167 (1988)  
and recently proposed for TM in LHCb, Vidal et al. Phys. Rev. D 100, 053003 (2019)

KL → (μ+μ−)γ      J. Malenfant, Phys. Rev. D36, 863 (1987), Y. Ji and H. Lamm, Phys. Rev. D 98, 053008 (2018)

Z1Z2 → Z1Z2(μ+μ−)   Ginzburg, U. Jentschura, S.G. Karshenboim, F. Krauss, V. Serbo et al., Phys. Rev.  C58, 3565 (1998) 

q+q− → (μ+μ−)g  Y. Chen, P. Zhuang (2012), 1204.4389  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Produc t ion  o f  TM  c lose  to  th resho ld  i n  FIXED TARGET  exper imen ts  

RAT IO  D IMUON PAIR VS BOUND STATES PRODUCT ION

3 Production at the SPS H4 and detection in NA64

3.1 The H4 beam line

In this work we focus on the production of ortho-true-muonium in fixed target experiment for highly
relativistic positrons impinging on a high-Z thin target, e`

e
´ Ñ pµ`

µ
´qZ.

STATUS OF THE EUROPEAN XFEL 

W. Decking†, F. Brinker, L. Froehlich, R. Kammering, T. Limberg, S. Liu, D. Noelle, M. Omet, 
M. Scholz, T. Wamsat, DESY, Hamburg, Germany 

Abstract 

The European XFEL is a Hard X-ray Free Electron La-
ser based on superconducting accelerator technology. In 
operation since 2017, it now serves 3 FEL beamlines 
simultaneously for user experiments. We will report on 
the present operation of the linear accelerator, the beam 
distribution to the various beamlines and the performance 
of the FEL radiators.  

FACILITY LAYOUT 

The European XFEL aims at delivering X-rays from 
0.25 to up to 25 keV out of 3 SASE undulators [1]. The 
radiators are driven by a superconducting linear accelera-
tor based on TESLA technology. The linac operates in 
10 Hz pulsed mode and can deliver up to 2700 bunches 
per pulse. Electron beams are distributed to the 3 different 
beamlines within a pulse, thus being able to operate three 
experiments in parallel. 

The complete facility is constructed underground, in a 
5.2 m diameter tunnel about 25 to 6 m below the surface 
level and fully immersed in the ground water. The 50 m 
long injector occupies the lowest level of a 7 story under-
ground building that also serves as the entry shaft to the 
main linac tunnel. Next access to the tunnel is about 2 km 
downstream at the bifurcation point into the beam distri-
bution lines. The beam distribution provides space for 
5 undulators (3 being initially installed), each feeding a 
separate beamline so that a fan of 5 almost parallel tun-
nels with a distance of about 17 m enters the experimental 
hall 3.3 km away from the electron source. 

The European XFEL injector consists of a normal-
conducting 1.3 GHz photo injector followed by a standard 

superconducting 1.3 GHz accelerating module and a 
3rd harmonic linearizer, consisting of a 3.9 GHz module – 
also superconducting – containing eight 9-cell cavities. A 
laser-heater, a diagnostic section and a high-power dump 
complete the injector.  

A three-stage bunch compression scheme is used to re-
duce both micro-bunching and the required 3.9 GHz volt-
age. All magnetic chicanes are tuneable within a wide 
range of R56 to allow for flexible compression scenarios, 
for instance balancing peak current and arrival time sta-
bility with LLRF performance. Diagnostic stations are 
placed after the second and third compression stage.  

The superconducting linear accelerator consists of 
96 TESLA-type accelerator modules. Always 4 modules 
are fed by one 10 MW multi-beam klystron. The accelera-
tor modules are suspended from the ceiling, while the 
complete RF infrastructure (klystron, pulse transformer, 
LLRF electronics) is installed below the modules.  

After the linac a collimation section protects down-
stream hardware in case of component failure and colli-
mates halo particles [2]. 

Almost 2 km of electron beam line distribute the beam 
to the SASE undulators SASE1 and SASE3 (‘North 
Branch’) or SASE2 (‘South Branch’). 

The electrons are distributed with a fast rising flat-top 
strip-line kicker in one of the two electron beamlines. 
Another kicker system is capable of deflecting single 
bunches in a dump beamline. This allows for a free choice 
of the bunch pattern in each beamline even with the linac 
operating with constant beam loading. Figure 1 summa-
rizes the accelerator layout. 
 

 
Figure 1: Schematic overview of the European XFEL accelerator, switch yard and undulator beam lines. 
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Figure 8: H4 SPS beamline layout (source: [31]).

The main components of the H4 are shown in Fig.8.

Maximum Demonstrated
Bunch charge 1 nC (6.24ˆ109 e´) 1 nC (6.24 ˆ 109 e

´)
Bunch length 1 ps 1 ps
Bunches interspace length 250 ns 220 ns
Bunch train charge 4000 bunches, 4 µC

(2.50 ˆ 1013 e
´)

2700 bunches, 2.7 µC
(1.68 ˆ 1013 e

´)
Bunch train length „ 1 ms „ 1 ms
Repetition rate ⌫rep 100 ms 100 ms

Table 2: H4 beam parameters [32] (left) and so far demonstrated [31] (right).

3.2 True muonium production in electron-positron annihilations

µ
`

µ
´

e
´

e
`

oTM

Figure 9: Tree level Feynman diagram graph for o-TM production through e`e´ Ñ pµ`µ´q.

The production of o-TM through the reaction e
`
e

´ Ñ pµ`
µ

´q (one-photon mechanism) (see
Fig. 9) in a fixed target experiment is closely related to the heavy lepton pair production through
electron-positron annihilation e

`
e

´ Ñ µ
`
µ

´. In [14] Brodsky and Lebed studied the production of
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TM as a resonance3 in electron-positron colliders. They estimated the production rate R of o-TM,
e

`
e

´ Ñ pµ`
µ

´q, relative to relativistic e
`
e

´ Ñ µ
`
µ

´ production using the tree-level cross section
close to the threshold s “ 4m2

µ given by:

�
e`e´Ñµ`µ´ psq “ 2⇡↵2

�

s

ˆ
1 ´ �

2

3

˙
ˆ Xp�q

1 ´ e´Xp�q (3.2)

where the last factor is the Sommerfeld-Schwinger-Sakharov (SSS) threshold Coulomb resummation
factor with Xp�q “ ⇡↵

a
1 ´ �2{�, � “

b
1 ´ 4m2

µ{s. For Bohr bound states, typical velocities are
given by � “ ⇡↵ and hence:

R “ �
e`e´Ñµ`µ´ psBq

�
e`e´Ñµ`µ´
rel psBq

» �
e`e´Ñpµ`µ´q

�
e`e´Ñµ`µ´
rel

» 3⇡↵

2
(3.3)

with sB “ 4m2
µ{p1 ´ p⇡↵q2q and R » 0.03. Because of the resonance nature of the process, this

factor is further reduced by �En{�E, where �En “ ↵
2
mµ{p4n2q is the effective energy window to

produce the bound states and �E the beam energy resolution. Hence:

R Ñ R ˆ �En

�E
(3.4)

Since this ratio is a frame invariant quantity, the cross-section for producing o-TM in fixed target
experiment with electron at rest can be estimated from the cross-section for muon pair production
in the lab frame [33]. For incoming positron energy E` » sB{p2meq » 43.7 GeV:

�
e`e´Ñpµ`µ´q
pnq pE`q “ 3⇡↵

2

�En

�E`
ˆ �

e`e´Ñµ`µ´ pE`q

» �En

�E`
ˆ 9.11 ¨ 10´32 cm2

(3.5)

with the cross-section close to the threshold:

�
e`e´Ñµ`µ´ pE`q “ 2⇡3

↵
2

m2
µ

d

1 ´ Eth

E`
“ 2⇡4

↵
3

µ2
» 2.65 ¨ 10´30 cm2 (3.6)

The TM production mechanism through direct electron-positron collisions in fixed-target-like
experiments with a positron beam and an electron target is a cleaner and more efficient production
mechanism than via Bremsstrahlung. However, because of the resonant nature of the process with?
s “ 2mµ ´ En, it requires a very narrow beam resolution „ OpkeV q. The CERN SPS beam line

can provide 107 positrons with energy of E » 43.7 GeV with a beam resolution of Op40 MeVq4.
The production rate of o ´ TM is given by:

dN

dt
“ � ¨ n ¨ L ¨ �p (3.7)

where � is the flux of incoming particle per unit of time, n and L respectively the target density
(number of electrons per unit volume) and target length. One has to consider that the produced

3The total cross-section for this process with radiative corrections was first discussed by Băıer and Synakh [13].
In the center of mass frame, it is a Breit-Wigner cross-section with full-width at half maximum (FWHM) �n “
↵5mµ{p6n3q:

�pnq
rad

p?
sq “ 0.27

⇡↵5

8mµn3

�n

p?
s ´ p2mµ ´ �Enqq2 ` �2

n{4 (3.1)

with �En “ ´ETM
n the binding energy.

4Those values were provided by the H4 beam coordinator.
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In the center of mass frame, it is a Breit-Wigner cross-section with full-width at half maximum (FWHM) �n “
↵5mµ{p6n3q:

�pnq
rad

p?
sq “ 0.27

⇡↵5

8mµn3

�n

p?
s ´ p2mµ ´ �Enqq2 ` �2

n{4 (3.1)

with �En “ ´ETM
n the binding energy.

4Those values were provided by the H4 beam coordinator.

– 13 –

TM as a resonance3 in electron-positron colliders. They estimated the production rate R of o-TM,
e

`
e

´ Ñ pµ`
µ

´q, relative to relativistic e
`
e

´ Ñ µ
`
µ

´ production using the tree-level cross section
close to the threshold s “ 4m2

µ given by:

�
e`e´Ñµ`µ´ psq “ 2⇡↵2

�

s

ˆ
1 ´ �

2

3

˙
ˆ Xp�q

1 ´ e´Xp�q (3.2)

where the last factor is the Sommerfeld-Schwinger-Sakharov (SSS) threshold Coulomb resummation
factor with Xp�q “ ⇡↵

a
1 ´ �2{�, � “

b
1 ´ 4m2

µ{s. For Bohr bound states, typical velocities are
given by � “ ⇡↵ and hence:

R “ �
e`e´Ñµ`µ´ psBq

�
e`e´Ñµ`µ´
rel psBq

» �
e`e´Ñpµ`µ´q

�
e`e´Ñµ`µ´
rel

» 3⇡↵

2
(3.3)

with sB “ 4m2
µ{p1 ´ p⇡↵q2q and R » 0.03. Because of the resonance nature of the process, this

factor is further reduced by �En{�E, where �En “ ↵
2
mµ{p4n2q is the effective energy window to

produce the bound states and �E the beam energy resolution. Hence:

R Ñ R ˆ �En

�E
(3.4)

Since this ratio is a frame invariant quantity, the cross-section for producing o-TM in fixed target
experiment with electron at rest can be estimated from the cross-section for muon pair production
in the lab frame [33]. For incoming positron energy E` » sB{p2meq » 43.7 GeV:

�
e`e´Ñpµ`µ´q
pnq pE`q “ 3⇡↵

2

�En

�E`
ˆ �

e`e´Ñµ`µ´ pE`q

» �En

�E`
ˆ 9.11 ¨ 10´32 cm2

(3.5)

with the cross-section close to the threshold:

�
e`e´Ñµ`µ´ pE`q “ 2⇡3

↵
2

m2
µ

d

1 ´ Eth

E`
“ 2⇡4

↵
3

µ2
» 2.65 ¨ 10´30 cm2 (3.6)

The TM production mechanism through direct electron-positron collisions in fixed-target-like
experiments with a positron beam and an electron target is a cleaner and more efficient production
mechanism than via Bremsstrahlung. However, because of the resonant nature of the process with?
s “ 2mµ ´ En, it requires a very narrow beam resolution „ OpkeV q. The CERN SPS beam line

can provide 107 positrons with energy of E » 43.7 GeV with a beam resolution of Op40 MeVq4.
The production rate of o ´ TM is given by:

dN

dt
“ � ¨ n ¨ L ¨ �p (3.7)

where � is the flux of incoming particle per unit of time, n and L respectively the target density
(number of electrons per unit volume) and target length. One has to consider that the produced

3The total cross-section for this process with radiative corrections was first discussed by Băıer and Synakh [13].
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S. J. Brodsky and R. F. Lebed,, Phys. Rev. Lett. 102 (2009) 213401  

σ  ∼  6  o rde rs  o f  magn i tude  la rge r  than  eZ  →  e (μ+μ− )  o r  πp →  (μ+μ− )n   
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H4 A UNIQUE BEAMLINE:  
-  1x10 7 POSITRONS per  sp i l l  @43 .7  GeV w i th  (dp /p∼1%)  fo r  40  p ro ton  un i t s  on  T2

PRODUCTION RATE OF TM

where Φ is the flux of incoming particle per unit of time, n and L respectively  
the target density  (number of electrons per unit volume) and target length. 

Estimated RATE OF TM ∼O(1) event/month (target optimisation ongoing)

Pre l iminary  s imula t ion  (N .  Char i ton id is )  ve r y  encou rag i ng  dp /
p  we l l  be l ow  1% shou ld  be  ach i evab l e  w i t h  mode ra te  l oss  i n  t he  e + 
ra te .  To be  va l idated  wi th  measurements  du r i ng  NA64  pos i t ron  
tes t  beam a t  H4 .  
Poss ib l e  improvement  o f  H4  f lux  wou ld  requ i re  ded i ca ted  s t udy.  

To learn more about SPS secondary beams
see L. Gatignon CERN-ACC-NOTE-2020-004
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true-muonium can dissociate inside the target, i.e. the bound state can break up. The dissociation
length ldiss in a given material (see Fig.10) is defined as the mean free path for the process pµ`

µ
´ `

Z Ñ µ
` ` µ

` ` Zq [11]:

ldiss “ 1

n�diss
“ M

NA ˆ ⇢ ˆ �pµ`µ´ ` Z Ñ µ` ` µ´ ` Zq (3.8)

with NA “ 6.022 140 857p74q ˆ 1023 mol´1 the Avogadro number, ⇢ the material density, M the
molar mass. For the triplet state the dissociation cross-section is estimated according to [34–36]

⇠ ldiss

TM

µ�

µ+

Figure 10: True muonium dissociation length ldiss „ �pµ`µ´ ` Z Ñ µ` ` µ´ ` Zq´1.

and scales as „ Z
2:

�diss » Z
2 ˆ 1.3 ¨ 10´23 cm2 (3.9)

which is a valid expression for incident electron energies • 100 MeV. The dissociation cross-section
(equation (3.9), �diss „ Z

2¨10´23 cm2) is very large compared to the triplet production cross-sections
(equations (3.6), �� „ Z ¨10´30 cm2 where Z is the atomic number taking into account the number
of electrons per atom and thus implies that only the bound states produced in the last portion
of the target will be observed downstream of the target. We present in Table 3 the dissociation
length for several target materials, namely both high-Z materials such as lead, tungsten, and low-Z
materials such as aluminium and beryllium.

ldiss [cm] X0 [cm] l{X0

Pb 3.71 ¨ 10´4 0.561 6.12 ¨ 10´4

W 2.23 ¨ 10´4 0.352 6.34 ¨ 10´4

Al 7.44 ¨ 10´3 8.90 8.36 ¨ 10´4

Be 3.89 ¨ 10´2 35.2 1.11 ¨ 10´3

Table 3: Dissociation lengths pµ`µ´qZ Ñ µ` ` µ´ ` Z for triplet states n3S1 and radiation lengths for several
materials (lead, tungsten, aluminium and beryllium). Reference for the radiation lengths can be found in [4].

Making the substitution in equation (3.8) n ¨ L Ñ n ¨ zldiss Ñ z�
´1
diss yields:

dNpµ`µ´q
dt

“ dNe´

dt
ˆ z

�tot

�diss
(3.10)

with �tot “ �� ` �3� is the total cross-section for the o ´ TM production (see equations (3.6)).
The production rate (3.10) can be expressed as a function of the incoming electron energy Ee and
target material A and Z. Plugging in the analytic expression for �tot and rearranging terms gives:

dNpµ`µ´q
dt

pEe, A, Z, zq “ dNe´

dt
ˆ z ˆ 8.9154 ¨ 10´19

#
fpEeq ` � ¨

ˆ
Z

A1{3

˙2

¨ gpEeq
+

(3.11)

– 14 –

true-muonium can dissociate inside the target, i.e. the bound state can break up. The dissociation
length ldiss in a given material (see Fig.10) is defined as the mean free path for the process pµ`

µ
´ `

Z Ñ µ
` ` µ

` ` Zq [11]:

ldiss “ 1

n�diss
“ M

NA ˆ ⇢ ˆ �pµ`µ´ ` Z Ñ µ` ` µ´ ` Zq (3.8)

with NA “ 6.022 140 857p74q ˆ 1023 mol´1 the Avogadro number, ⇢ the material density, M the
molar mass. For the triplet state the dissociation cross-section is estimated according to [34–36]

⇠ ldiss

TM

µ�

µ+

Figure 10: True muonium dissociation length ldiss „ �pµ`µ´ ` Z Ñ µ` ` µ´ ` Zq´1.

and scales as „ Z
2:

�diss » Z
2 ˆ 1.3 ¨ 10´23 cm2 (3.9)

which is a valid expression for incident electron energies • 100 MeV. The dissociation cross-section
(equation (3.9), �diss „ Z

2¨10´23 cm2) is very large compared to the triplet production cross-sections
(equations (3.6), �� „ Z ¨10´30 cm2 where Z is the atomic number taking into account the number
of electrons per atom and thus implies that only the bound states produced in the last portion
of the target will be observed downstream of the target. We present in Table 3 the dissociation
length for several target materials, namely both high-Z materials such as lead, tungsten, and low-Z
materials such as aluminium and beryllium.

ldiss [cm] X0 [cm] l{X0

Pb 3.71 ¨ 10´4 0.561 6.12 ¨ 10´4

W 2.23 ¨ 10´4 0.352 6.34 ¨ 10´4

Al 7.44 ¨ 10´3 8.90 8.36 ¨ 10´4

Be 3.89 ¨ 10´2 35.2 1.11 ¨ 10´3

Table 3: Dissociation lengths pµ`µ´qZ Ñ µ` ` µ´ ` Z for triplet states n3S1 and radiation lengths for several
materials (lead, tungsten, aluminium and beryllium). Reference for the radiation lengths can be found in [4].

Making the substitution in equation (3.8) n ¨ L Ñ n ¨ zldiss Ñ z�
´1
diss yields:

dNpµ`µ´q
dt

“ dNe´

dt
ˆ z

�tot

�diss
(3.10)

with �tot “ �� ` �3� is the total cross-section for the o ´ TM production (see equations (3.6)).
The production rate (3.10) can be expressed as a function of the incoming electron energy Ee and
target material A and Z. Plugging in the analytic expression for �tot and rearranging terms gives:

dNpµ`µ´q
dt

pEe, A, Z, zq “ dNe´

dt
ˆ z ˆ 8.9154 ¨ 10´19

#
fpEeq ` � ¨

ˆ
Z

A1{3

˙2

¨ gpEeq
+

(3.11)

– 14 –

true-muonium can dissociate inside the target, i.e. the bound state can break up. The dissociation
length ldiss in a given material (see Fig.10) is defined as the mean free path for the process pµ`

µ
´ `

Z Ñ µ
` ` µ

` ` Zq [11]:

ldiss “ 1

n�diss
“ M

NA ˆ ⇢ ˆ �pµ`µ´ ` Z Ñ µ` ` µ´ ` Zq (3.8)

with NA “ 6.022 140 857p74q ˆ 1023 mol´1 the Avogadro number, ⇢ the material density, M the
molar mass. For the triplet state the dissociation cross-section is estimated according to [34–36]

⇠ ldiss

TM

µ�

µ+

Figure 10: True muonium dissociation length ldiss „ �pµ`µ´ ` Z Ñ µ` ` µ´ ` Zq´1.

and scales as „ Z
2:

�diss » Z
2 ˆ 1.3 ¨ 10´23 cm2 (3.9)

which is a valid expression for incident electron energies • 100 MeV. The dissociation cross-section
(equation (3.9), �diss „ Z

2¨10´23 cm2) is very large compared to the triplet production cross-sections
(equations (3.6), �� „ Z ¨10´30 cm2 where Z is the atomic number taking into account the number
of electrons per atom and thus implies that only the bound states produced in the last portion
of the target will be observed downstream of the target. We present in Table 3 the dissociation
length for several target materials, namely both high-Z materials such as lead, tungsten, and low-Z
materials such as aluminium and beryllium.

ldiss [cm] X0 [cm] l{X0

Pb 3.71 ¨ 10´4 0.561 6.12 ¨ 10´4

W 2.23 ¨ 10´4 0.352 6.34 ¨ 10´4

Al 7.44 ¨ 10´3 8.90 8.36 ¨ 10´4

Be 3.89 ¨ 10´2 35.2 1.11 ¨ 10´3

Table 3: Dissociation lengths pµ`µ´qZ Ñ µ` ` µ´ ` Z for triplet states n3S1 and radiation lengths for several
materials (lead, tungsten, aluminium and beryllium). Reference for the radiation lengths can be found in [4].

Making the substitution in equation (3.8) n ¨ L Ñ n ¨ zldiss Ñ z�
´1
diss yields:

dNpµ`µ´q
dt

“ dNe´

dt
ˆ z

�tot

�diss
(3.10)

with �tot “ �� ` �3� is the total cross-section for the o ´ TM production (see equations (3.6)).
The production rate (3.10) can be expressed as a function of the incoming electron energy Ee and
target material A and Z. Plugging in the analytic expression for �tot and rearranging terms gives:

dNpµ`µ´q
dt

pEe, A, Z, zq “ dNe´

dt
ˆ z ˆ 8.9154 ¨ 10´19

#
fpEeq ` � ¨

ˆ
Z

A1{3

˙2

¨ gpEeq
+

(3.11)

– 14 –

true-muonium can dissociate inside the target, i.e. the bound state can break up. The dissociation
length ldiss in a given material (see Fig.10) is defined as the mean free path for the process pµ`

µ
´ `

Z Ñ µ
` ` µ

` ` Zq [11]:

ldiss “ 1

n�diss
“ M

NA ˆ ⇢ ˆ �pµ`µ´ ` Z Ñ µ` ` µ´ ` Zq (3.8)

with NA “ 6.022 140 857p74q ˆ 1023 mol´1 the Avogadro number, ⇢ the material density, M the
molar mass. For the triplet state the dissociation cross-section is estimated according to [34–36]

⇠ ldiss

TM

µ�

µ+

Figure 10: True muonium dissociation length ldiss „ �pµ`µ´ ` Z Ñ µ` ` µ´ ` Zq´1.

and scales as „ Z
2:

�diss » Z
2 ˆ 1.3 ¨ 10´23 cm2 (3.9)

which is a valid expression for incident electron energies • 100 MeV. The dissociation cross-section
(equation (3.9), �diss „ Z

2¨10´23 cm2) is very large compared to the triplet production cross-sections
(equations (3.6), �� „ Z ¨10´30 cm2 where Z is the atomic number taking into account the number
of electrons per atom and thus implies that only the bound states produced in the last portion
of the target will be observed downstream of the target. We present in Table 3 the dissociation
length for several target materials, namely both high-Z materials such as lead, tungsten, and low-Z
materials such as aluminium and beryllium.

ldiss [cm] X0 [cm] l{X0

Pb 3.71 ¨ 10´4 0.561 6.12 ¨ 10´4

W 2.23 ¨ 10´4 0.352 6.34 ¨ 10´4

Al 7.44 ¨ 10´3 8.90 8.36 ¨ 10´4

Be 3.89 ¨ 10´2 35.2 1.11 ¨ 10´3

Table 3: Dissociation lengths pµ`µ´qZ Ñ µ` ` µ´ ` Z for triplet states n3S1 and radiation lengths for several
materials (lead, tungsten, aluminium and beryllium). Reference for the radiation lengths can be found in [4].

Making the substitution in equation (3.8) n ¨ L Ñ n ¨ zldiss Ñ z�
´1
diss yields:

dNpµ`µ´q
dt

“ dNe´

dt
ˆ z

�tot

�diss
(3.10)

with �tot “ �� ` �3� is the total cross-section for the o ´ TM production (see equations (3.6)).
The production rate (3.10) can be expressed as a function of the incoming electron energy Ee and
target material A and Z. Plugging in the analytic expression for �tot and rearranging terms gives:

dNpµ`µ´q
dt

pEe, A, Z, zq “ dNe´

dt
ˆ z ˆ 8.9154 ¨ 10´19

#
fpEeq ` � ¨

ˆ
Z

A1{3

˙2

¨ gpEeq
+

(3.11)

– 14 –

TM d issoc ia t ion  length

D issoc i a t i on  CROSS SECTION

S. Mrowczynski, Interaction of Elementary Atoms With Matter, Phys. Rev. 
A33 (1986) 1549–1555.  
S. Mrowczyński, Interaction of relativistic elementary atoms with matter. I. 
General formulas, Phys.  Rev. D 36 (Sep, 1987) 1520–1528.  
 K. G. Denisenko and S. Mrowczyński, Interaction of relativistic elementary 
atoms with matter. II.  Numerical results, Phys. Rev. D 36 (Sep, 1987) 1529–
1537. 
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DETECTION OF TM IN NA64 VISIBLE SETUP (X17- search) 
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Tagged  
e+, 43,7 GeV

VACUUM TUBE 
TM 

e+

e-

ECAL HCAL

Phys.Rev.Lett. 120 (2018) 23, 231802, Phys.Rev.D 101 (2020) 7, 071101, Eur.Phys.J.C 80 (2020) 12, 1159
 

MAGNET

thin BERYLLIUM 
 WINDOW

l=𝛾c𝜏∼10cm

See TALK of 
Gninenko on Tuesday

SIGNATURE:  
1) HIGH PT e+e- PAIR WITH 2mμ INVARIANT MASS  
2) RECONSTRUCTED DISPLACED VERTEX

Invar iant   
TM MASS Ver tex   

Reco

18/02/21 Emilio Depero – ETH-IPA
Benjamin Banto Oberhauser ETH-IPA

4

Invariant Mass Reconstruction
➢ Reconstruction of the angle using fix vertex and separation in the trackers
➢ Uncertainty mainly given by track separation

–

➢ Minimal opening angle for e-e+ pair:
–  

➢ Expected separation in first tracker at 8 m:
–  

➢ With hit resolution 0.08 mm 1  
α≈2×

m

E
=9.7mrad

d≈α×8m≈78mm

(0.01mrad)2
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04/03/21 Emilio Depero - ETH-IPA 2

True Muonium - Fixed target setup 
➢ Study performed using new planned visible mode setup of NA64
➢ True Muonium (TM) is tracked as a displaced vertex from a Be target.
➢ Dominat background from Bhabha scattering is removed using some preliminary cuts:

– Total energy detected in downstream ECAL larger than 40 GeV
– No punchthrough from the ECAL (no energy in HCAL and VETO)
– Two clean tracks with a valid vertex are reconstructed in the decay volume
– The vertex is displaced from the target 6.5 cm
– Invariant mass is reconstructed between 190 and 220 MeV

➢ Preliminary conclusions: The experiment can be performed background free at a level of 1011 positrons on target. The efficiency of detection was estimated to be 40%

Be targete+ TM e+
e-

trackers

0.5 mBe target Cut

Removed using Invariant mass

TM DECAY - BACKGROUND & DETECTION EFFICIENCY

!8

 
SELECTION CRITERIA  
1)  To ta l  ene rgy  de tec ted  in  downs t ream ECAL 
la rge r  than  40  GeV 
2 )  No  punch- th rough  f rom the  ECAL  
(no  energy  i n  HCAL and  VETO)   
3 )  Two  c lean  t racks  w i th  a  va l id  ve r tex  a re   
recons t ruc ted  in  the  decay  vo lume  
4 )  The  ve r tex  i s  d i sp laced  f rom the  ta rge t  6 .5  cm    
5 )  I nva r ian t  mass  i s  recons t ruc ted  be tween   
190  and  220  MeV 

TM e+

e-

ECAL HCAL

PRELIMINARY CONCLUSION  
The experiment is background free at 
a level of 1011 positrons on target.  
The efficiency of detection is  
estimated to be 40%.  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2) “Low energy” TM production @ the GAMMA Factory 
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Produc t ion  &  de tec t i on  o f  TM  a t  GAMMA FACTORY:  

CROSS SECTION FOR TM PRODUCTION FOR E>>m μ :  

Z

e
´

Z

e
´

oTM

Figure 5: Tree level Feynman diagram for triplet (µ`µ´) state production through the three-photon mechanism.

with ⇤ “ 405{A1{3 MeV, B “ 17{20. The total cross-section is obtained by integrating over x, with
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Figure 6: (left) Differential cross-section for triplet state production through one-photon and three-photon mecha-
nisms (right) Total cross-section for triplet state production for different target materials, namely high-Z materials
(lead, tungsten), and low-Z materials (aluminium and beryllium). High-Z materials have a higher cross-section than
atoms with fewer electrons.

xmin “ 2mµ{Ee and xmax “ 1 [25]:

�t,3�pEeq “ 17

5

ˆ
Z↵⇤

mµ

˙2

�0 ˆ It, 3�pEeq , It, 3�pEeq “ L
2 ` 9.7pL ´ 1q . (2.13)

which scales as Z2{A2{3 on the target material leading to a consequently larger production rate for
high-Z nuclei than the bremsstrahlung process of equation (2.10) (see Fig.6). Note that similarly to
the case of equation (2.6), the production of higher n states is given by the substitution �

pn“0q
tot Ñ

1{n3
�

pn“0q
tot .

2.2 Decay channels

TM singlet and triplet states decay channels have been studied in several papers. Malefant com-
puted in [8, 27] the leading order (LO) and next-to-leading order (NLO) corrections to the decay
channels of p´TM and o´TM . Such higher order corrections were also calculated by Karshenboim
et al. in [11] and Jentschura et al. in [9]. In both papers, it was shown that the decay widths of
the states scales as „ 1{n3 at LO but that state-dependent corrections would eventually break this
scaling for higher order terms.
Since the singlet and para states are respectively C-even and C-odd eigenstates their decays to
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MEASUREMENT OF TM LAMB SHIFT AND FINE STRUCTURE
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S im i la r  measuremen t  as  fo r  f o r  μ+e - 
(ou r  da ta  f rom las t  December  beam t ime  a t  PS I )
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 7.51 MHz±1: 1135.63 ±= 
F

Resonance Frequency, F=1, M

 21.89 MHz±= 0: 1303.74 
F

Resonance Frequency, F=1, M

 22.72 MHz±FWHM for resonances: 117.58 

Muonium Lamb shift

Table 1. Theoretical predictions for key transitions in true muonium. The had-lab electron allows for

large loop contributionseled uncertainty corresponds to the hadronic contributions, while unlabeled

uncertainties indicated estimates of missing contributions

Transition Etheory [MHz]

13S 1 − 11S 0 42329355(51)had(700)
23S 1 − 13S 1 2.550014(16)× 1011

23P0 − 23S 1 1.002(3)× 107

23P1 − 23S 1 1.115(3)× 107

23P2 − 23S 1 1.206(3)× 107

21P1 − 23S 1 1.153(3)× 107

pursued currently by the DIRAC experiment for (π+π−) [30]. In this method, a beam of
2S state true muonium would be passed through a magnetic field, resulting in level-mixing
with 2P state which decays by γ emission to the 1S , decreasing the intensity of the beam.
By measuring the beam’s intensity as a function of magnetic field, the Lamb shift can be
extracted.

Since mµ > me, it is possible for n3S 1 states to decay into e+e− pairs. All currently con-
templated searches utilize this decay for discovering true muonium [31–33], so predictions
of these rates are desirable. Including all NLO and a large NNLO contribution we find,

Γ(13S 1 → e+e−) =

(

1 +

[

−
221

36
+

4

3
ln

(

2
mµ

me

)

− 0.3899(8)

]

α

π
+ 455(1)

α2

π2

)

α5mµ

6
(2)

=⇒ τ(13S 1 → e+e−) =
1

Γ(13S 1 → e+e−)
= 1.79560(13)× 10−12 s,

Γ(23S 1 → e+e−) =

(

1 +

[

−
221

36
+

4

3
ln

(

2
mµ

me

)

− 0.3899(8)

]

α

π
+ 394(1)

α2

π2

)

α5mµ

48
(3)

=⇒ τ(23S 1 → e+e−) =
1

Γ(23S 1 → e+e−)
= 14.3696(10)× 10−12 s,

Γ(33S 1 → e+e−) =

(

1 +

[

−
221

36
+

4

3
ln

(

2
mµ

me

)

− 0.3899(8)

]

α

π
+ 400(100)

α2

π2

)

α5mµ

162
(4)

=⇒ τ(33S 1 → e+e−) =
1

Γ(33S 1 → e+e−)
= 48.5(3)× 10−12 s,

(5)

where the final NLO term comes from hadronic vacuum polarization [20] and its associated
error, and the NNLO coefficient’s error is estimated by O(1) for the n = 1, 2 because other
contributions are not anticipated to be anomalously large. For n = 3 the large error is because
even the anomalously large NNLO contribution is not known so we estimate based on the
lower n and assign a 25% uncertainty. Even at this precision, the theoretical values are lower
than the 1%, 5%, and 15% respectively for n = 1, 2, 3 that has been suggested as experimental
uncertainties attainable at a near-term experiment [33].

Singlet states will predominately decay to two photons, and similar precision is known
for these rates [23], but we quote here the leading order values τ(n1S 0 → γγ) = 0.6n3×10−12

s.

If very high-intensity true muonium experiments were ever built, it would be possible to
measure more exotic decays, including those of the triplet state to neutrinos. The leading

10  THz  access ib l e  v i a  LASER  ( 3  m ic rons )  
Na tu ra l  l i ne  w id th  o f  20  GHz

TRUE

TRUE MUONIUM TRANSIT IONS:

GF- LASER-TALK of 
Martends on Monday

SIGNATURE 2S-2P TRANSITIONS: COUNT NUMBER OF HIGH PT e+e- PAIRS VS 
LASER FREQUENCY
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SUMMARY AND OUTLOOK 
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▪ Feasibility of TM DETECTION WITH NA64 VISIBLE SETUP ongoing:   

check H4 with positrons (2021), cross check simulation with data on NA64 visible setup (2022)

▪ Proof of principle in NA64 for measuring TM properties @ FUTURE CERN FACILITIES

e.g @LEMMA in beam dump mode: for 1016 e+, dE=1 MeM, 104 TM

or @GAMMA FACTORY (1017 gamma/s @up to 400MeV) ,104 TM/day” 

Precision study of TM properties such as decay rate, Lamb shift, Fine structure
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Figure 17: Displaced vertex decay spectrum for both the 1S and 2S states. The number of entries is equivalent to
a full one-year run, i.e. „ 2.5 ¨ 105 events. The values given for lp1Sq and lp2Sq are calculated for ��pE “ 17.5 GeVq.
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Figure 18: Displaced vertex decay spectrum for (left) both 1S and 2S triplet states (right) only the 1S triplet
state. A one-month run is expected to yield 2.1 ¨ 104 o ´ TM decay events.

pair is „ 16.3 GeV. Fig.20 shows for completeness the momenta of both the electron and positron.
To fully examine the kinematics of the decay products we also investigate the separation angle
between the electron and the positron, ✓e`e´ , which could serve as an observable to separate
pairs produced by the bound state decay, pe`

e
´qo´TM , and pairs originating from the large QED

background, pe`
e

´qQED. We show in Fig.21 the results for 2.1 ¨ 104 produced pairs. The minimum
separation angle is given by equation (4.1) with ↵mpE “ 16.3 GeVq » 0.0130 rad “ 0.743 degree
which can be seen as the significant peak close to 1 in Fig.4.1 . From the simulated data we obtain
an average opening angle between the pairs ✓e`e´ » 0.0410 rad “ 2.35 degree.
Because both the distributions of the pair energy, Ee`e´ , (see Fig.19), and of the angle between
electron and the positron, ✓e`e´ , (see Fig.21) exhibit non-uniform distribution patterns over the
intervals of interest (i.e. [0,17.5 GeV] and [0,2⇡]), those observables can be thought off as candidates
for background discrimination. Additionally, cuts on the displaced vertex (see Fig.17 and Fig.18)
are also of interest. The signal efficiency ✏A corresponding to those is shown in Fig.22. A signal
efficiency ✏A • 0.9 is obtained for Ecut » 14 GeV- For completeness, we show in Fig.23 the density

21

Lifetimes from reconstructed  
decay vertex

M. Boscolo et al. Phys.Rev.Accel.Beams 21 (2018)  
6, 061005 N. Amapane et al 2020 JINST 15 P01036
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