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Positronium : Scientific Scope

Fundamental Physics
Precision QED tests

CPT and Lorentz violation tests
New physics searches

Medical Imaging 
(PET R&D phase)

 molecules and BEC 
studies

Ps2

Material Science (PALS)

Quantum Technologies

Development of Compton telescope 
for astronomy, nuclear emission 
detection, etc. (applications from 
defense to oil & gas industries)  e+ e−

This will be the focus of 
this talk  



BSM in Positronium : Philosophy 

The philosophy before and in the early part of the golden age of colliders:  
Figure out fundamental physics by probing all energies, all systems accessible 

Dominant Philosophy in the last few decades: 
Start by theory motivation such as the hierarchy 
problem, dark matter etc. : this dominates our search 
strategies 

Philosophy here: 
Construct a system well under control experimentally and theoretically - 
and search for all possible new physics that is accessible. 



Why Positronium

Scales in the Standard Model

Photon

Neutrinos

Electron

Muon, Pions

Protons

W/Z bosons

me

102 × me

103 × me

105 × me

10−6 × me

Effects of these scale are suppressed 
because of decoupling

Neutrinos only interact 
via the weak scale — 
essentially decoupled 

}
Effective physics of electrons 
at  is essentially QED 
(in SM)

E ∼ me

Sensitive and clean 
probe of light BSM



Physics of Positronium
• A bound state of an electron and a positron : lightest purely leptonic atom in nature. 

Mass:                                                                 

Energy levels:                                          

 Ground state binding energy:                      
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Fig. 1. Hydrogen and positronium energy levels, modified from [10]. The energy levels of positronium are similar to the ones of hydrogen with a factor of
two, because of the change in reduced mass of the system, which is me for hydrogen, and me/2 for positronium, due to the change of a proton in hydrogen
into an positron in positronium.

While positrons used in PET undergo such positronium
state, traditional two-photon PET only observes the products
of the annihilation of the positron or positronium, and not
its formation. It is therefore impossible to evaluate the o-Ps
lifetime ( ωoPs ). This imaging requires a change in isotope,
using (ε+

, ϑ) isotopes, including but not limited to 44gSc,
72As, 88gRb, or 94mTc [24]–[26], which emit a prompt ϑ as
a marker of the emission of the positron, and therefore would
allow to measure ωoPs. To this date demonstration of the
possibility of performing in-vivo imaging with positronium
candidate events has been presented by the Jagiellonian PET
(J-PET) research group [27], [28], in this case, the average
lifetime over the regions of interest delineated by standard
PET is used to overcome the low (ε+

, ϑ) branching ratio of
68Ga and the large spatial resolution of the J-PET prototype
in this acquisition mode.

In the following sections, we will first present the physical
properties of positronium in the quantum electrodynamics
frameworks and describe the formation and interaction pro-
cesses. We will then describe the main experimental tech-
niques available to perform positronium studies before fo-
cusing on examples of the uses of positronium in various
physics fields. Finally, we will present the existing studies of
positronium behaviour in biological samples, and the newly
proposed field of positronium imaging, introduced in 2018
[21], [23].

II. FORMATION, INTERACTION AND ANNIHILATION OF
POSITRONIUM

The first theoretical discussions of positronium were per-
formed by Pirenne [29], [30] and Wheeler [31]. Positronium
was later experimentally evidenced by Deutsch in 1951 by
observing the apparition of positronium lifetime in the annihi-
lation time distribution of positrons in gases [32], by observing

a three quanta positron annihilation [33], and by measuring the
fine structure resonance between p-Ps and o-Ps [34].

A. Positronium in Quantum Electrodynamics

As the simplest purely leptonic electromagnetically bound
state, being composed of two low-mass leptons, positronium
is, for all practical purposes, fully described by Quantum
Electrodynamics (QED). The absence of hadronic components
suggests that positronium energy levels and decay rates can be
calculated to very high precision, limited only by the order of
the corresponding perturbative expansion, which opens up the
possibility to test QED bound-state theory with unprecedented
precision.

QED is the most precisely tested theory in physics, and
agrees with all observations performed so far, having been
tested at the part per trillion level (i.e. parts in 1012) [10].
Because the theory is so well established it is possible to use
precision measurements of Ps to search for effects that may
be caused by elements not included in the theory.

Observables of interest for testing QED are energy intervals,
measured using laser and microwave spectroscopy, decay rates,
measured using positron annihilation lifetime spectroscopy,
and decay modes, measured using polarization and momentum
measurements to look for forbidden symmetries.

The general selection rule for the annihilation of positro-
nium from a state of orbital angular momentum l and total
spin s into n photons is given by (→1)l+s = (→1)n [7].
Therefore p-Ps in a ground state (l = 0, s = 0) will decay
into an even number of photons while o-Ps in the ground state
(l = 0, s = 1) decays in an odd number of photons, greater
than one since a single photon decay is forbidden because of
momentum conservation.

For positronium formation in an un-polarized medium, the
four electron/positron spin states |↑↑↓ , |↑↔↓ , |↔↑↓, and |↔↔↓ are

e+ e−



Physics of Positronium

• Selection rules for positronium decays

p-Ps ( ) 

o-Ps ( ) 

1S0 → 2γ, 4γ, …
3S1 → 3γ, 5γ, …

Γ1S0→2γ ≃
1
2

meα5 ⟹ τ = 0.125 ns

Γ3S1→3γ ≃
2

9π (π2 − 9) meα6 ⟹ τ = 142 ns

Br

Br  

Br

(3S1 → 5γ) ∼ 10−6

(3S1 → νν̄) ∼ {
10−18  for νe

10−21  for νμ, ντ

(1S0 → γ νν̄) ∼ 10−21

Br

Br

(1S0 → 4γ) ∼ 10−6

(1S0 → γ νν̄) ∼ {
10−24  for νe

10−27  for νμ, ντ

basic signal :    

Additional handles : vertexing & timing  

Ps → nγ + Missing Momentum & combinations

e+ e−



BSM in Positronium : Status Quo 

e+

BSM Physics:

o-Ps → 2γ, 4γ, …

o-Ps → Xμ

o-Ps → γ + X

o-Ps → γ + X (X → 2γ)

o-Ps → γ + X (X → γ + Yμ)

⋯

p-Ps → 3γ, 5γ, …

p-Ps → X

p-Ps → γ + Xμ

p-Ps → γ + Xμ (Xμ → 3γ)

p-Ps → γ + Xμ (Xμ → γ + Y )

⋯

e−

In the second half I will go through fundamental physics inspirations

• Basic reason positronium is a good case for New physics

p-Ps ( ) : same quantum number of a massive pseudo-scalar  

o-Ps ( ) : same quantum number of a massive gauge boson

They carry no other quantum number!

1S0

3S1



BSM in Positronium : Status Quo 

  

BSM decays of PsfnFRsEnARtV CERAsdz nA cvb 49 1.07 6

jwTRAP GQN AHVxNEF RA qD– “08¯fi GQN HCCNE xBHAz BA P1n.Wm RF wxBHG ”
O0/�01fi w OwyGBE BO 4/ ENzHyGRBA OEBV GQN NwEURNE wAwULFRF RA )0/fl– jQRF
HCCNE xBHAz yBAFGEwRAF GQN xEwAyQRAP EwGRBF OBE CBFFRxUN zNywLF BO B]fF GB w
CQBGBA wAz INEL]URPQG VwFF CFNHzBFywUwE wAz GB GJB CQBGBAF wAz w ANJ URPQG
INyGBE xBFBA GB xN . 0/�5 wAz . 0/�8 ENFCNyGRINUL– rHEGQNE yBAFGEwRAGF BA
CFNHzBFywUwE wKRBA VBzNUF yBVN OEBV wFGEBCQLFRyF wAz UwxBEwGBEL NKCNER]
VNAGFfi FNN iNyGRBA W–2 xNUBJ– uA w ENyNAG CwCNE )W8fl GQN zRffNENAyN RA qD–“08¯
wAz GQN VHBA P∼1 wABVwUL )W8fl wEN RAGNECENGNz GBPNGQNE GQEBHPQ RAGEBzHy]
GRBA BO w ANJ FywUwE JRGQ VwFF xRPPNE GQwA wxBHG 14/ cNl wAz yBHCURAPF
GB GQN VHBA wAz NUNyGEBA BO → 0/�2 wAz w ONJ GRVNF 0/�m–

dNJfi VBFG wyyHEwGNfi VNwFHENVNAGF BO GQN NUNyGEBA qZc )11fl PRIN

·ML· . 0,0O 0/
�18dyV, “11¯

� ¨ARGN IwUHN BO ML JBHUz yBEENFCBAz GB FBVN ANJ Bf IRBUwGRAP RAGNEwy]
GRBA– mRGQRA GLCRywU NKGNAFRBAF BO GQN iGwAzwEz cBzNU RAIBUIRAP ANJ QNwIL
CwEGRyUNFfi GQN NUNyGEBA qZc yBAFGEwRAG CHGF URVRGF BA GQN VwFF FywUNF BO
GQRF ANJ CQLFRyF wF 2/ jNl RA BAN]UBBC ywUyHUwGRBAF wAz 2 jNl wG GJB]
UBBCFfi FGEBAP yBAFGEwRAGF BA ANJ CQLFRyF VBzNUF JQRyQ wEN yBVCNGRGRIN JRGQ
GQN yBAFGEwRAGF OEBV GQN btY )11fl– “jQNFN AHVxNEF wEN BxGwRANz wFFHVRAP
FRVRUwE FRMN yBHCURAPF GB GQN iGwAzwEz cBzNU BANF wAz FRAσoe → 0fi JQNEN
σoe RF GQN Bf IRBUwGRAP CQwFN¯– YQwAPRAP OEBV CBFFRxUN ANJ QNwIL CwEGR]
yUNF GB NKyQwAPNF RAIBUIRAP ANJ ANwE]VwFFUNFF CwEGRyUNF yBEENFCBAzF GB wA
HCCNE xBHAz BA GQNRE yBHCURAP GB NUNyGEBAF BO P1n.Wm → 8 O 0/�07 RA GQN
UNwzRAP]BEzNE ywUyHUwGRBA wAz → 4 O 0/�8 JRGQRA GJB]UBBC ywUyHUwGRBAF OBE
Bf IRBUwGRAP RAGNEwyGRBAF “NIwUHwGNz xL ENFywURAP GQN QNwIL VwFF FywUN RA
GQN ywUyHwGRBAF GB GQN NUNyGEBA VwFF wAz wFFHVRAP AB FCNyRwU CQwFN ywAyNU]
UwGRBA RA GQN qZc¯– jQN UwGGNE xBHAz BA P1n.Wm yBEENFCBAzF GB wA HCCNE
xBHAz BA GQN xEwAyQRAP EwGRB OBE Bf IRBUwGRAP B]fF zNywLF BO wxBHG 0/�8–

m9 hwEd wAc daBsRy cdywxr wAc AdI CQxrRyr

m-0- B vAz f IRnTvsRAP zdyvbF

qKCNERVNAGwU xBHAzF BA CBFFRxUN B]IRBUwGRAP zNywLF BO CBFRGEBARHV
QwIN xNNA ENCBEGNz xL NwEURNE NKCNERVNAGF

nh“C]fF− 2,.C]fF− 1,¯ . 1,8 O 0/�5 wG ”8;Y,b, )00fl “12¯

nh“B]fF− W,.B]fF − 2,¯ . 1,” O 0/�5 wG 8/;Y,b, )01fl “1W¯

nh“C]fF− 4,.C]fF− 1,¯ . 1,6 O 0/�6 wG 8/;Y,b, )02fl “14¯

v]fqj JRUU CHFQ GQNFN URVRGF– mRGQ w 0/ cXD CBFRGEBARHV FBHEyN wAz
HCPEwzNz W UwLNE zNGNyGBE PNBVNGELfi BAN NKCNyGF GB VNwFHEN 8,WO 0/0+ B]fF

e+

We have probed branching of (few) PPM 
level   

e−

• Basic reason positronium is a good case for New physics

p-Ps ( ) : same quantum number of a massive pseudo-scalar  

o-Ps ( ) : same quantum number of a massive gauge boson

1S0

3S1

Bass, 1902.01355



BSM in Positronium : the theory landscape 

Signal space :   

•   

• Additional handles : vertexing & timing  

Ps → nγ + Missing Momentum & combinations

Axion like partic
les 

(ALP)

M
assive photons

Mirror world

C, P, T violation in the 
electron system

Milli-charged particles

Feebly coupled dark sector
Hidden valley models

Theories with extra 
dimensions

Composite
 dark matter

Theory Space

I will describe NP in a bottom-up effective way to map the signal space to theory space



BSM in Positronium : the simplest BSM  

Only two parameters define physics

• Mass of the new particle ( )

• Charge of the new particle ( ) 

MQ

ϵ

Milli-charged particles
ϵ

Interpreting bounds on Invisible decays 
of o-Ps gives a bounds on  ϵ

From Eberl et. al., 2511.02023

Unexplored territories requires 
Br sensitivity at 10−7

MQ(MeV)

ϵ

10−3

10−4

10−6

10−5

0.01 0.1 1

OPOS SLAC mQ

RG

SN1987A

DAMIC



BSM in Positronium : the simplest BSM  

Milli-charged particles also charged 
under a new force (Infra-color)

One extra parameter to define physics

• Mass of the new particle ( )

• Charge of the new particle ( ) 

• The Infrared-QCD scale ( )

MQ

ϵ

ΛI

However, new (exotic) phenomenon in Ps decay

Astrophysical & Cosmological bounds break down

Milli-charged bounds from HE colliders remains reliable. MQ(MeV)

ϵ

10−3

10−4

10−6

10−5

0.01 0.1 1

OPOS SLAC mQ

RG

SN1987A

DAMIC



BSM in Positronium : Quirks

In case, 

It is energetically more favorable to convert all kinetic energy into potential energy with quirks 
turning back    

ΛI ≲ mQ /10

r ∼
1
ΛI

E/L ∼
1

Λ2
I

Maximum length 

Lmax ∼
E0

Λ2
I

Probability of string breaking  ∼ e−(m2
Q/Λ2

I )

L.B. Okun, 1980
Kang & Luty, 2008 

mQ , ϵ

ΛI

mQ ≫ ΛI

  :   String stretches - does not break : QuirksmQ ≪ ΛI



BSM in Positronium : Quirks

Ps decay
Quirks 
annihilation

Displacement in space-time
Velocity of Ps 
generates the distance 
between decay and 
annihilation

For annihilation to 
photons - appearance 
of a resonance!

From visible to semi-
invisible to totally 
invisible annihilation 

mQ , ϵ

ΛI

mQ ≫ ΛI

  :   String stretches - does not break : QuirksmQ ≪ ΛI



BSM in Positronium : non-relativistic bound states

}  bound statesQ̄Q

From visible to semi-
invisible to totally invisible 
decay products 

ΛI

mQ , ϵ

Perturbative piece 

Non-perturbative piece 
wave function (scales 

with )αI, mQ

  :   Non-Relativistic bound states in positronium physics mQ ≳ ΛI

One requires NRQCD like calculations followed by reinterpretation of  Ps → nγ + ME

For generating MeV scale bound 
states, positronium is more 
efficient than LEP, BELLE etc.  



BSM in Positronium : relativistic bound states

From visible to semi-
invisible to totally invisible 
decay products 

ΛI

mQ , ϵ

EM form factor

  :   Relativistic bound states in positronium physics mQ ≳ ΛI

One requires -PT like calculations followed by reinterpretation of  χ Ps → nγ + ME

Pseudo scalar pNGBs (pions) of infra-color with 
electromagnetic form factors

This state looks like a composite axion like particle 



BSM in Positronium : bound states from contact operators

Do we always need to have milli-charged states to portal to new physics?

Not really. Consider for example contact interaction
ϵ

Λ2
I

ēΓAe Q̄ΓAQ

From visible to semi-invisible to totally invisible decay products 

Pseudo scalars of 
infra-color

Vectors of 
infra-color

This state looks like a composite axion 
This state looks like a composite Z′￼



BSM in Positronium : quirks from contact operators

Do we always need to have milli-charged states to portal to new physics?

Not really. Consider for example contact interaction
ϵ

m2
Q

ēΓAe Q̄ΓAQ

From visible to semi-invisible to totally invisible decay products 

Displaced vertex + out of time decay products



Summary

• Positronium is a clean and well understood system 
➡ It is sufficiently decoupled from all UV scales and the only other light d.o.f  (i.e. neutrinos) — 

a playground for precision QED. 

• It is an ideal system to look for physics beyond the Standard Model 
➡ Especially for light sectors that are feebly coupled to the Standard model, a topic which has 

become a key focus of the particle physics community recently.

• The simplest BSM that can be explored in positronium is for light milli-charged particles 
➡ amazingly, there are regions of unexplored parameter space that can be probed in the next 

generation positronium experiments.  

• Light composite sector can generate a plethora of interesting signals in positronium decays — 
can mimic signal topologies associated with for example ALPs, massive photons etc.  

➡ However, because of the existence of various scales, connecting high energy experiments  to 
low energy experiments to cosmology/astrophysics observables can be tricky - these rely on 
omitting essential details and utilizing additional simplifying assumptions - reinterpretation 
in these scenarios should be done carefully.     


