
||Paolo Crivelli 28.06.2019

A search for massless dark photons in positronium decays 
3rd Jagiellonian symposium on Fundamental and Applied Subatomic Physics, Krakow (2019)

Paolo Crivelli, ETH Zurich, Institute for Particle Physics and Astrophysics
!1



||Paolo Crivelli 28.06.2019

5%
27%

68%

Dark Matter: Astro + Cosmology through Gravitational effects  

!2

GALACT IC   
ROTAT ION CURVES

GRAV ITAT IONAL  
 LENS ING

COSMIC  M ICROWAVE BACKGROUND

Standard Model

ΛCDM (Lambda Cold Dark Matter) 

Dark Energy



||Paolo Crivelli 28.06.2019 !3

Interaction DM-SM other than gravity? If so very weak…

Relic densities of Standard Matter (SM) and 
Dark Matter (DM) are “similar”

Only gravitationally? Nightmare scenario from a particle  
physicist point of view.

SUGGESTS COMMON ORIGIN BETWEEN SM and DM.

Can  t hose  be  re l a ted  w i t h  A S INGLE THEORY? 
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The vector portal - Dark photons 
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B. Batell, M. Pospelov and A. Ritz, Phys. Rev. D80 (2009) 095024.
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Wiggly lines don’t always close well. Sometimes you can adjust them by hand.

I don’t have a good solution for this. One option specifically for semi-circles is here: http:
//bit.ly/1vFCNzi. I think it can be adapted for arbitrary angles. For further discussion, see:
http://bit.ly/12wA4kQ.
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Signatures for Dark Photons at Fixed target exp. (NA64@CERN)  
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VISIBLE DECAY MODE
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NA64, Phys. Rev. Lett. 120, 231802 (2018)

NA64, Phys. Rev. Lett. 118, 011802 (2017),

NEW: arXiv:1906.00176
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The Massless Dark photon case - the Mirror Sector
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Parity violation in weak  
interaction

T.D. Lee and C.N. Yang, Phys. Rev. 104, 4 (1956) 
C.S. Wu et al., Phys. Rev. 105, 1413 (1957)  
R.L.Garwin, L.M.Lederman, M.Weinrich, Phys. Rev. 105, 1415 (1957) 
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The Massless Dark photon case - the Mirror Sector
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Parity violation in weak  
interaction

T.D. Lee and C.N. Yang, Phys. Rev. 104, 4 (1956) 
C.S. Wu et al., Phys. Rev. 105, 1413 (1957)  
R.L.Garwin, L.M.Lederman, M.Weinrich, Phys. Rev. 105, 1415 (1957) 

W. Pauli in a letter to V. Weisskopf, 
 "Now after the first shock is over, I  
begin to collect myself. Yes, it was  
very dramatic."
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Is Nature left-right asymmetric?
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▪ In the standard model parity violation introduced from beginning in the Lagrangian.

▪ Is nature really left-right asymmetric or do we happen to live in a universe  
dominated by particles with such properties?

1. Left-right symmetric models, symmetry restored at higher energies  
(V+A suppressed by heavy WR mass)  
Pati and Salam, Phys. Rev. D10, 275 (1974) Mohapatra and Pati, Phys. Rev. D11, 566 (1975), 
Senjanovic and Mohapatra, D12, 1502 (1975) 

2. Postulation of the existence of a sector of mirror particles  
Lee and Yang, Phys. Rev. 104, 4 (1956)
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Ordinary particle sector Mirror particle sector

→ Mirror particles: same properties of ordinary particles but chirality of fields inverted.  
→ Same micro-physics governs interactions among mirror particles but they 
experience V+A weak interaction.  

The mirror sector
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If such a sector of particle exists 
→ mirror symmetry conserved 
→ left-right symmetry of nature restored

For a review see,Okun, Phys.Usp. 50 (2007) 380-389 [hep-ph/0606202] 
and Ciarcelluti,Int.J.Mod.Phys.D19:2151-2230 (2010). 

The mirror sector
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If such a sector of particle exists 
→ mirror symmetry conserved 
→ left-right symmetry of nature restored

For a review see,Okun, Phys.Usp. 50 (2007) 380-389 [hep-ph/0606202] 
and Ciarcelluti,Int.J.Mod.Phys.D19:2151-2230 (2010). 

The mirror sector

▪ Doubling the number of elementary particles to 
solve problems seems to be unnatural … but … it 
has been done before!

▪ Relativity + QM ⇒ anti-matter
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Ordinary particle sector Mirror particle sector

The mirror sector would interact through gravitation with us. 
 → Mirror particles (stable and massive) are very good dark matter candidates.  

The mirror sector

Gravity
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Ordinary particle sector Mirror particle sector

The mirror sector could interact through photon mirror-photon kinetic mixing: 
  → Implications for cosmology.  

→ Bounds (LSS, CMB, BBN): mixing strength 𝝐 < 3x10-8

The mirror sector

  B. Holdom, Phys. Lett. B166, 196 (1986) 
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Positronium as a portal to the Mirror sector 
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•

S. L. Glashow, Phys. Lett. B167, 35 (1986)

Coupling between oPs and oPs’ ⇒ breaking of degeneracy

Rabi oscillation:

Energy splitting
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Experimental signature: oPs → invisible decay (missing energy)
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Standard model decay: o-Ps → 3𝛾 
→ energy deposition of 1022 keV (Ps mass, E = mc2 )



||Paolo Crivelli 28.06.2019

Experimental signature: oPs → invisible decay (missing energy)
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Invisible decay: o-Ps → oPs’ → 3𝛾’ 
→ no energy deposition (event compatible with 0 energy)
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Search for oPs → invisible decay (aerogel experiment)
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A. Badertscher, P. Crivelli et al., Phys. Rev. D. 75, 032004 (2007)

No events in the signal region  
 → Upper bound : Br(oPs → invisible) ≤ 4.2 x 10-7 
 → Stringent limit on physics beyond the standard model

 o-Ps → 3𝛾 
→ ESUM = 1022 keV
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Search for oPs → invisible decay (aerogel experiment)
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A. Badertscher, P. Crivelli et al., Phys. Rev. D. 75, 032004 (2007)

Aerogel target, SiO2 grains 100 nm

Collisions with matter destroy coherence of oscillation suppressing o−Ps - o−Ps‘ 
conversion ∼√Ncollisions. Has to be taken into account (large systematic uncertainty)
→ limit on 𝝐 ≤ 1.5 x 10-7 
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Search for oPs → invisible decay in a vacuum cavity

!19

▪ Ps mean free path in a vacuum cavity: 30 mm → 1-2 collision instead of 104 
▪ Cross check: change Ps velocity ~ Ncoll Number of signal 2 times smaller without 

affecting the background! P.Crivelli et al., JINST 5, P08001 (2010) 

+

Positron beam Hermetic gamma detector



||Paolo Crivelli 28.06.2019

Low energy positron beam - tagging

!20

C. Vigo, L. Gerchow, L. Liszkay, A. Rubbia, and P. Crivelli Phys. Rev. D 97, 092008 (2018) 
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C. Current Experimental Limit on

Br(o-Ps ! invisible)

Ortho-positronium is a sensitive probe to test Mir-
ror Matter models with two possible experimental sig-
natures, namely the missing energy of the expected SM
1.022MeV decay or an apparent excess in the o-Ps decay
rate compared to QED predictions [41].

Previous measurements of missing energy in o-Ps de-
cays were performed in the presence of matter [42–44],
where very high collision rates (N ⇠ 105) are expected,
resulting in large uncertainties and strong suppression of
the oscillation probability. Regarding discrepancies be-
tween QED predictions and experimental measurements
of the decay rate, the most accurate measurements are
still very far from QED precision [35, 36]. Although these
experiments are performed in a vacuum cavity with low
collision rates, the lifetime calculation requires extrapo-
lations to account precisely for the disappearance of o-Ps
into regions of lower gamma detection e�ciency. It is
therefore possible that any contribution �inv.

o-Ps could be
artificially corrected by this extrapolation.

Both signatures have provided so far limits for " in the
range 10−6 to 10−7 but su↵er from large uncertainties. It
is thus evident that an experiment with low collision rates
(hence in vacuum) but without the need of any extrapo-
lation (hence the missing energy technique) is necessary
to confront Mirror Matter as a candidate to explain the
DAMA/LIBRA anomaly.

II. EXPERIMENTAL SETUP

The working principle of our experiment is a vacuum
cavity where ortho-positronium is confined, surrounded
by a hermetic calorimeter to detect the photons expected
for a SM decay. The resulting energy spectrum is cen-
tered at 1.022MeV, with a tail due to energy losses and
ine�ciencies extending down to low energies.

In case of o-Ps ! o-Ps0 oscillation, the experimental
signature would be the absence of this energy deposition
in the calorimeter. From simulation, it is possible to esti-
mate the experimental background as the probability to
misidentify an actual o-Ps decay (or in general a positron
annihilation) as a zero-energy event. Therefore, if oscil-
lations o-Ps ! o-Ps0 occur, an excess over the simulation
prediction of such zero-energy events would be detected.

Note that o-Ps confined in a vacuum cavity will un-
dergo collisions with the walls, whose rate can be modu-
lated by tuning the o-Ps kinetic energy. A larger collision
rate will suppress the o-Ps ! o-Ps0 oscillation probability
while keeping the background constant. A possible sig-
nal observation can thus be cross-checked with controlled
collision rate modulation [39].

MCP

Deflection    
Plates

Target, UT=2-4kV

e
+

 beam

SE

FIG. 1. Positron tagging scheme with a Micro-Channel Plate.
The positron beam (blue helix, coming from the left) is de-
flected o↵ axis by the deflection plates (red and green) to
bypass the micro-channel plate (MCP). Secondary Electrons
(SE, red helix) are released when the positron impinges the
target and guided back and detected by the MCP. Note that
the positron and electron trajectories are only sketches, the
actual deflection is perpendicular to the drawing plane.

A. The Slow Positron Beam

The slow positron beam at ETHZ is based on a
120MBq 22Na radioactive source coupled to a tungsten
mesh acting as a moderator providing a flux of �slow

e+
⇠

15 000 e+ s�1. Slow (< 3 eV) positrons are electrostati-
cally accelerated to 200 eV and magnetically guided with
a set of Helmholtz coils which creates a radially confining
field. A high-e�ciency tagging system is used to detect
the arrival of a positron to the cavity where the positro-
nium converter is placed. The beam is equipped with a
velocity selector and a bunching system based on drift
tubes and grids where time-dependant potentials are ap-
plied [45].

1. The Positron Tagging System

The tagging of positrons is a crucial feature of the ex-
perimental setup. It is used to define the arrival of a
positron to the target and therefore serves as the START
signal for the DAQ. The tagging system is based on a
Micro-Channel Plate (MCP) which detects Secondary
Electrons (SE) released by a positron hitting the target
(Fig. 1).
The positron beam, transversally confined by the mag-

netic field, is slightly deflected o↵ axis by deflection plates
(red), which e↵ectively work as an E⇥B filter. Positrons
can thus bypass the MCP and are deflected back on axis
by an opposite pair of deflection plates (green) and con-
tinue their way downstream to the target. They are then
accelerated by the target potential UT, where they are
implanted and release SE. These electrons are accelerated
backwards by the same UT and guided by the same mag-
netic field. However, when reaching the deflection plates,
the electrons are deflected towards the MCP, where they
are detected.
This tagging systems presents two important limita-

tions, namely dark counts and detection of other charged
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particles. Even though the MCP was specifically selected
for its low dark counts rate (Hamamatsu F4655-12), it is
still at the level of 1Hz. These accidentals are uniformly
distributed in time and uncorrelated with the arrival of
a positron into the target, and are therefore a source of
background. Regarding the detection of other charged
particles, it was found that some positrons may annihi-
late close to or even against the MCP due to transporta-
tion ine�ciencies. These positrons, or the SE following
them, may be detected by the MCP, leading to a trigger
accidental correlated with the positron flux, but not with
the presence of a positron inside the calorimeter.

2. The Chopper

The chopper is a grid placed in front of the tung-
sten moderator and set above the moderator potential
UM = 200V to constantly block the low energy positrons.
Driven by a global clock, the chopper is pulsed down
below UM, thus letting through the positrons during a
time window tW = 300 ns, at a frequency f = 333 kHz
(T = 3 µs). The chopping system suppresses positron
pile-up, i.e. the presence of more than one positron in the
cavity within the same event, which introduces a signal
ine�ciency. The total signal e�ciency can be measured
using a trigger uncorrelated with the positron beam and
was found to be ⌘S = 92.1%.

3. The Buncher

The 300 ns positron pulse is compressed into few ns by
means of a double-gap buncher [45] sketched in Fig. 2 to
increase the signal-to-noise ratio and reduce triggering-
related background, e.g. MCP noise. A positron arriving
at Gap 1 is accelerated by the time-dependent potential
di↵erence so that late positrons will acquire a larger ve-
locity. If the potential in the buncher is set properly, a
linear velocity distribution can be achieved, producing
an ideal compression into a shorter positron bunch. The
same process is repeated at Gap 2, the goal being to com-
press the bunch as much as possible when it reaches the
target.

The initial 300 ns bunches are compressed to 14 ns
FWHM pulses (Fig. 3). The energy range of the positrons
is given by

UM � UB < Ee+ < UM + UB (7)

where UB = 60V and UM = 200V are the buncher am-
plitude and the moderator potential.

4. The Re-implantation Electrode

When positrons reach the positronium cavity, they are
accelerated to few keV and impinge on the target. They

 1.35 m 
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FIG. 2. Positron bunching scheme.
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FIG. 3. Time distribution of unbunched (blue) and bunched
(red) positrons on the target.

quickly slow down and di↵use in the bulk, where they will
generally pick-up an electron. However, a positron can
also reach the surface again before losing all its kinetic
energy and escape into vacuum, i.e. it can be backscat-
tered [39]. The energy range of these positrons is

Eback.
e+

2 [0, UT + UM + UB] (8)

where UT is the target potential and UM+UB is the maxi-
mum initial energy from Eq. (7). Backscattered positrons
with enough energy to escape the cavity (Eback.

e+
> UT)

are expected at a level 10−4 (see Table II), becoming a
source of background.
A re-implantation electrode is placed at the end of

the beam line, before the cavity, to ensure no backscat-
tered positron escapes the cavity. The electrode is set
to a low potential, below the minimum positron energy
UM � UB. After the compressed bunch of positrons has
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quickly slow down and di↵use in the bulk, where they will
generally pick-up an electron. However, a positron can
also reach the surface again before losing all its kinetic
energy and escape into vacuum, i.e. it can be backscat-
tered [39]. The energy range of these positrons is

Eback.
e+

2 [0, UT + UM + UB] (8)

where UT is the target potential and UM+UB is the maxi-
mum initial energy from Eq. (7). Backscattered positrons
with enough energy to escape the cavity (Eback.

e+
> UT)

are expected at a level 10−4 (see Table II), becoming a
source of background.
A re-implantation electrode is placed at the end of

the beam line, before the cavity, to ensure no backscat-
tered positron escapes the cavity. The electrode is set
to a low potential, below the minimum positron energy
UM � UB. After the compressed bunch of positrons has

Flat background from accidental triggers ∼10-4  
mainly e- from target at HV not correlated with e+

Coincidence with positron bunching and 
detection of secondary electrons 
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Positron-positronium converter - porous SiO2

Porous Silica thin film  
~1µm, 3-4 nm pore size

Vacuum

!21

e+

e+ oPs

e+ oPs

Ps mean energy ∼ 1/(e+ implantation energy)

Ncollisions ∼ 1/(e+ implantation energy) τoPs, vac =142 ns

few keV 

P. Crivelli, U. Gendotti, A. Rubbia, L. Liszkay, P. Perez, C. Corbel, Phys. Rev. A81, 052703 (2010)  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Detection of annihilation photons

!22

C. Vigo, L. Gerchow, L. Liszkay, A. Rubbia, and P. Crivelli Phys. Rev. D 97, 092008 (2018) 
6

BGO scintillators

e+ beam

o-Ps converter

1

2

3

4

FIG. 5. Left : sectional view of the calorimeter with the vacuum cavity and the positronium converter. Some scintillators from
the cut side are shown as wireframes for reference.
Right : sketches of possible events
1) prompt annihilation and p-Ps decay into two back-to-back 511 keV photons.
2) o-Ps decay into three photons.
3) o-Ps ! o-Ps0 oscillation, o-Ps0 then decays into three �0 which are not detected in the ECAL.
4) background event where a photon is absorbed in the cavity and two photons escape the ECAL.

Since the gains of both BGO scintillators and PMTs are
very sensitive to temperature (e↵ective temperature coef-
ficient estimated to be −1.38% �C−1 [50]), the PVC box
is equipped with two copper plates coupled to a temper-
ature controlled water circuit, resulting in the long-term
stability necessary for the data taking. To improve heat
extraction from the cavity solenoid, pre-cooled pressur-
ized air is fed into the ECAL, greatly increasing convec-
tion e�ciency.

Each PMT signal is read out individually via a set of
CAEN V792 QDC modules, which integrate the current
over a time tG = 3 µs after the tSTART signal from the
MCP. The probability of o-Ps decaying after tG is

S =

1Z

tG

1

⌧o-Ps
exp

✓
� t

⌧o-Ps

◆
dt = exp

✓
� tG
⌧o-Ps

◆

= 6.7⇥ 10�10

(9)

well below the expected sensitivity.

The o-Ps ! o-Ps0 signal is defined as the absence of
energy deposition in any crystal. Due to finite energy res-
olution and contribution of electronics and PMT noise,
one must set for each BGO i a certain threshold ET,i be-
low which the energy deposition is considered to be zero.
These thresholds were individually picked to minimize
both signal ine�ciency (i.e. the probability to misidenti-
fiy a zero-energy event as a SM decay) and energy losses
(energy depositions in a single BGO below ET,i will not
be accounted for, leading to possible background).

The individual energy depositions are thus summed up

to obtain the total energy EECAL

EECAL =
92X

i

(
0 if Ei < ET,i

Ei if Ei � ET,i
(10)

Therefore the signal (zero-energy compatible events) is
defined as those events with EECAL = 0.

D. Background Sources

The four following sources of background have been
identified:

1. Trigger Accidentals

Trigger accidentals happen when an MCP signal is de-
tected without the presence of a positron in the cavity,
and they represent the largest background contribution.
Three di↵erent types were found:

• MCP dark counts (< 1Hz), which are uniformly
distributed in time and unrelated to neither the
positron beam nor the the implantation energy.

• Positron-related triggers. Due to beam transporta-
tion ine�ciencies, some positrons may annihilate
close to the MCP or even against it. The corre-
sponding secondary electrons or even the annihila-
tion photons can be detected by the MCP, leading
to a time- and beam-dependent background.

ECAL: 20X0 @ 511 keV 

▪ Energy losses and hermeticity  <10-7 
▪ Main limitation: positronium/positron 

escaping the detection region ∼10-5 

BGO scintillators

e+ beam
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oPs → invisible decay in a vacuum cavity - first results (2018)

!23

▪ First results: no excess above expected background observed  
→ limit similar to aerogel experiment but without systematic related to collisions.

C. Vigo, L. Gerchow, L. Liszkay, A. Rubbia, and P. Crivelli Phys. Rev. D 97, 092008 (2018) 

Setup Improvement 
▪ e+ flux improved by 1 order of magnitude (W meshes cryogenic moderator) 
▪ Redesign of vacuum cavity to reduce e- emission due to HV

▪ Main limitations: accidental triggers, positronium escaping the detection region

3

FIG. 1. A sketch of the newly designed cavity. The high
resistance germanium layer connecting the target with the
grounded pipe reduces the extreme fields near the target.

FIG. 2. The hermetic calorimeter of 91 BGO crystals sur-
rounding the porous silica target. Positrons are injected in
the ECAL through a thin 16 mm diameter vacuum pipe to
reduce the losses of annihilation photons through the aper-
ture. Orthopositronium atoms can only escape the detection
region along the beam direction which is about 200mm deep
within the ECAL.
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FIG. 3. Sketch showing o-Ps: 1) escaping the detection region
and 2) decaying inside the ECAL.

from the target. Electron emission from the target is
strongly dependent on the set potential. At 2 kV the
electron emission is less than 1Hz, while at a potential of
3 kV it increases to 50Hz. Dark counts in the MCP are
at a rate of approximately 0.1Hz. The contribution from
false triggers can be measured from the data by using a
control region away from the positron pulse arrival.

The emission energy of o-Ps depends on the positron
implantation energy as studied in detail for the used con-
verters with time of flight and Doppler broadening tech-
nique [32, 33]. In the range of voltages used for this
measurement the mean o-Ps energy decreases approxi-

mately linearly from 450 to 170 meV for 2 kV to 3 kV
implantation energies. Therefore, increasing the energy
of the incoming positrons reduces the background from
o-Ps events escaping the detection region as shown in
Fig. 3. The probability for this process was studied with
a detailed Monte Carlo (MC) simulation with Geant 4
validated with previous data [25, 32] and is at a level of
3⇥ 10�5 for 2 keV positron implantation energy.
Moreover, some backscattered positrons can capture

an electron close to the surface of the target and are re-
leased in vacuum before thermalization occurs [34]. The
energy of this fast o-Ps can be up to several eV, whereas
thermalized o-Ps has energies of around several hundred
meV. This fraction of fast o-Ps is also likely to escape the
detection region [35].

DATA ANALYSIS AND RESULTS

The analysis strategy for the search is as follows. We
search for the o-Ps ! invisible decays in the signal region
of data taken at energies E = 2.75 and E = 3.0 keV. For
data taken at these energies the contribution from the
irreducible background arising from fast o-Ps escaping
the detection region, Birr, is expected to be the smallest.
In order to estimate this background, we use a sideband
region of data taken at E = 2.0, 2.25 and 2.5 keV en-
ergies. Since any production of a signal or a signal-like
background must completely be driven by the positron
arrival at the target, we model the shape of both the ir-
reducible background and the expected signal following
the measured pulse shape, as shown in Fig. 4 (left).
The irreducible background in the sideband region

gives the dominant contribution in the data, therefore
it allows to estimate its contribution in the signal region.
The statistical likelihood model used to estimate the ir-
reducible background in the sideband region is as follows:

P (~n|Bc,BRirr) =
Y

i

(Bc +Birr(i))ni

ni!
e�(Bc+Birr(i)) (4)

where Bc is the coincident background, Birr(i) =
BRirr · K · �(Ni) is the irreducible background predic-
tion from the pulse shape of the beam in time bin i, with
�(Ni) the positron flux with Ni the number of observed
events in each time bin, while K = ⌘ · fo-Ps is the factor
taking into account the o-Ps fraction (fo-Ps = 0.30±0.02)
and the detector e�ciency (⌘ = 0.91± 0.01). Using this
model we performed an evaluation of the Bayes theo-
rem and extracted the factor BRirr at each energy. The
agreement between the data and the fit model is shown
in Fig. 4 (right), while the result of the evolution of
the irreducible background and the extrapolation to the
signal region is illustrated in Fig. 5. The irreducible
background contribution is in fair agreement with the es-
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FIG. 4. Left: time distribution of the positron pulse at the
target. Right: detected pulse shape after requiring all BGO
cells to have zero energy deposit. The data in this figure was
taken at E = 2.25 keV.
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FIG. 5. Fit result of the BRirr fraction from the irreducible
background in the sideband regions (full circles), and its ex-
trapolation to the signal region (empty squares).

In the signal region we use a modified model,

P (~n|Bc,BRirr,BRs) =
Q

i
(Bc+Birr(i)+S(i))ni

ni!

⇥ e�(Bc+Birr(i)+S(i)) (5)

where S(i) = BRs · K 0 · �(Ni) is the expected sig-
nal with branching ratio, BRs, in time bin, i, and
K 0 = ⌘ · fo-Ps · ↵BR. The scaling factor ↵BR =
(0.48, 0.51, 0.57, 0.59, 0.63) for E = (2, 2.25, 2.5, 2.75, 3)
keV, takes into account the suppression of the oscillation
of oPs!oPs’ arising from the decoherence induced by the
collisions. This was calculated by numerically solving
the di↵erential equations governing the oscillation pro-
cess including this e↵ect [25]. To extract ↵BR for a given

positron implantation energy E, the measured positron-
ium velocity distributions [32, 33] were used as an input
for MC simulations in order to estimate the mean num-
ber of o-Ps collisions with the vacuum walls as a function
of E.

We allow the irreducible background to give a contribu-
tion in the signal region, such that its size is constrained
from the sideband measurements. To add this constrain
we use a Gaussian prior on the irreducible background
parameter, BRirr, with a mean and sigma of the Gaus-
sian prior given by the extrapolation from the sideband
regions (see Fig. 5). Finally, we use a joint evaluation of
Bayes theorem for the signal branching ratio using data
from both the E = 2.75 and 3.0 keV measurements.

From the 90% Bayesian credibility interval, we extract
an upper limit of BR(o-Ps ! invisible) < 2.6 ⇥ 10�5

at 90% C.L. for the case where this process is not af-
fected by decoherence, i.e. for ↵BR = (1, 1, 1, 1, 1).
When considering the suppression factor for the oscilla-
tion of oPs!oPs’ arising from collisions, an upper limit
of BR(o-Ps ! o-Ps’ ! invisible) < 4.0 ⇥ 10�5 (90%
C.L.) is obtained. By solving equation 2 as a function of
the mixing strength, this can be converted in an upper
bound of " < 5.8⇥ 10�8.

CONCLUSIONS

No excess of events out of 4.6 ⇥ 107 or-
thopositronium decays is observed above the ex-
pected background extracted from the data, thus a
BR(o-Ps ! o-Ps’ ! invisible) < 4.0 ⇥ 10�5 at 90%
C.L. can be set. This result excludes the existence of
massless mirror dark photons coupling through kinetic
mixing with a strength larger than " < 5.8⇥ 10�8. This
is the first time that a laboratory experiment reaches
a sensitivity comparable with cosmological bounds.
Future improvements of this experiment include a
neon based moderator and a re-moderation stage in
transmission mode [36]. The overall trigger rate will be
reduced by a factor 3 but the much better quality of the
positron beam (i.e. much smaller energy spread) will
allow to improve the bunching compression and thus
the signal-to-background ratio by at least a factor of 10.
The implementation of a carbon foil will prevent o-Ps
escaping the detection region and improve the confidence
level of the tagging system reducing the background
from electron emission by two orders of magnitude [37].
This will allow to push the experiment to the ultimate
sensitivity of " ⇡ 10�9 � 10�10, which is of great interest
both theoretically and phenomenologically.

Time distribution of positrons on target

Time distribution of events compatible with 0-energy 
Shape of signal or signal-like background driven by e+ arrival on target

E = 2.25 keV 

M. Raaijmakers, L. Gerchow, B. Radics, A. Rubbia, C. Vigo and P. Crivelli, arXiv 1905.0912
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FIG. 4. Left: time distribution of the positron pulse at the
target. Right: detected pulse shape after requiring all BGO
cells to have zero energy deposit. The data in this figure was
taken at E = 2.25 keV.
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FIG. 5. Fit result of the BRirr fraction from the irreducible
background in the sideband regions (full circles), and its ex-
trapolation to the signal region (empty squares).

In the signal region we use a modified model,

P (~n|Bc,BRirr,BRs) =
Q

i
(Bc+Birr(i)+S(i))ni

ni!

⇥ e�(Bc+Birr(i)+S(i)) (5)

where S(i) = BRs · K 0 · �(Ni) is the expected sig-
nal with branching ratio, BRs, in time bin, i, and
K 0 = ⌘ · fo-Ps · ↵BR. The scaling factor ↵BR =
(0.48, 0.51, 0.57, 0.59, 0.63) for E = (2, 2.25, 2.5, 2.75, 3)
keV, takes into account the suppression of the oscillation
of oPs!oPs’ arising from the decoherence induced by the
collisions. This was calculated by numerically solving
the di↵erential equations governing the oscillation pro-
cess including this e↵ect [25]. To extract ↵BR for a given

positron implantation energy E, the measured positron-
ium velocity distributions [32, 33] were used as an input
for MC simulations in order to estimate the mean num-
ber of o-Ps collisions with the vacuum walls as a function
of E.

We allow the irreducible background to give a contribu-
tion in the signal region, such that its size is constrained
from the sideband measurements. To add this constrain
we use a Gaussian prior on the irreducible background
parameter, BRirr, with a mean and sigma of the Gaus-
sian prior given by the extrapolation from the sideband
regions (see Fig. 5). Finally, we use a joint evaluation of
Bayes theorem for the signal branching ratio using data
from both the E = 2.75 and 3.0 keV measurements.

From the 90% Bayesian credibility interval, we extract
an upper limit of BR(o-Ps ! invisible) < 2.6 ⇥ 10�5

at 90% C.L. for the case where this process is not af-
fected by decoherence, i.e. for ↵BR = (1, 1, 1, 1, 1).
When considering the suppression factor for the oscilla-
tion of oPs!oPs’ arising from collisions, an upper limit
of BR(o-Ps ! o-Ps’ ! invisible) < 4.0 ⇥ 10�5 (90%
C.L.) is obtained. By solving equation 2 as a function of
the mixing strength, this can be converted in an upper
bound of " < 5.8⇥ 10�8.

CONCLUSIONS

No excess of events out of 4.6 ⇥ 107 or-
thopositronium decays is observed above the ex-
pected background extracted from the data, thus a
BR(o-Ps ! o-Ps’ ! invisible) < 4.0 ⇥ 10�5 at 90%
C.L. can be set. This result excludes the existence of
massless mirror dark photons coupling through kinetic
mixing with a strength larger than " < 5.8⇥ 10�8. This
is the first time that a laboratory experiment reaches
a sensitivity comparable with cosmological bounds.
Future improvements of this experiment include a
neon based moderator and a re-moderation stage in
transmission mode [36]. The overall trigger rate will be
reduced by a factor 3 but the much better quality of the
positron beam (i.e. much smaller energy spread) will
allow to improve the bunching compression and thus
the signal-to-background ratio by at least a factor of 10.
The implementation of a carbon foil will prevent o-Ps
escaping the detection region and improve the confidence
level of the tagging system reducing the background
from electron emission by two orders of magnitude [37].
This will allow to push the experiment to the ultimate
sensitivity of " ⇡ 10�9 � 10�10, which is of great interest
both theoretically and phenomenologically.
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FIG. 4. Left: time distribution of the positron pulse at the
target. Right: detected pulse shape after requiring all BGO
cells to have zero energy deposit. The data in this figure was
taken at E = 2.25 keV.
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FIG. 5. Fit result of the BRirr fraction from the irreducible
background in the sideband regions (full circles), and its ex-
trapolation to the signal region (empty squares).

In the signal region we use a modified model,

P (~n|Bc,BRirr,BRs) =
Q

i
(Bc+Birr(i)+S(i))ni

ni!

⇥ e�(Bc+Birr(i)+S(i)) (5)

where S(i) = BRs · K 0 · �(Ni) is the expected sig-
nal with branching ratio, BRs, in time bin, i, and
K 0 = ⌘ · fo-Ps · ↵BR. The scaling factor ↵BR =
(0.48, 0.51, 0.57, 0.59, 0.63) for E = (2, 2.25, 2.5, 2.75, 3)
keV, takes into account the suppression of the oscillation
of oPs!oPs’ arising from the decoherence induced by the
collisions. This was calculated by numerically solving
the di↵erential equations governing the oscillation pro-
cess including this e↵ect [25]. To extract ↵BR for a given

positron implantation energy E, the measured positron-
ium velocity distributions [32, 33] were used as an input
for MC simulations in order to estimate the mean num-
ber of o-Ps collisions with the vacuum walls as a function
of E.

We allow the irreducible background to give a contribu-
tion in the signal region, such that its size is constrained
from the sideband measurements. To add this constrain
we use a Gaussian prior on the irreducible background
parameter, BRirr, with a mean and sigma of the Gaus-
sian prior given by the extrapolation from the sideband
regions (see Fig. 5). Finally, we use a joint evaluation of
Bayes theorem for the signal branching ratio using data
from both the E = 2.75 and 3.0 keV measurements.

From the 90% Bayesian credibility interval, we extract
an upper limit of BR(o-Ps ! invisible) < 2.6 ⇥ 10�5

at 90% C.L. for the case where this process is not af-
fected by decoherence, i.e. for ↵BR = (1, 1, 1, 1, 1).
When considering the suppression factor for the oscilla-
tion of oPs!oPs’ arising from collisions, an upper limit
of BR(o-Ps ! o-Ps’ ! invisible) < 4.0 ⇥ 10�5 (90%
C.L.) is obtained. By solving equation 2 as a function of
the mixing strength, this can be converted in an upper
bound of " < 5.8⇥ 10�8.

CONCLUSIONS

No excess of events out of 4.6 ⇥ 107 or-
thopositronium decays is observed above the ex-
pected background extracted from the data, thus a
BR(o-Ps ! o-Ps’ ! invisible) < 4.0 ⇥ 10�5 at 90%
C.L. can be set. This result excludes the existence of
massless mirror dark photons coupling through kinetic
mixing with a strength larger than " < 5.8⇥ 10�8. This
is the first time that a laboratory experiment reaches
a sensitivity comparable with cosmological bounds.
Future improvements of this experiment include a
neon based moderator and a re-moderation stage in
transmission mode [36]. The overall trigger rate will be
reduced by a factor 3 but the much better quality of the
positron beam (i.e. much smaller energy spread) will
allow to improve the bunching compression and thus
the signal-to-background ratio by at least a factor of 10.
The implementation of a carbon foil will prevent o-Ps
escaping the detection region and improve the confidence
level of the tagging system reducing the background
from electron emission by two orders of magnitude [37].
This will allow to push the experiment to the ultimate
sensitivity of " ⇡ 10�9 � 10�10, which is of great interest
both theoretically and phenomenologically.
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FIG. 4. Left: time distribution of the positron pulse at the
target. Right: detected pulse shape after requiring all BGO
cells to have zero energy deposit. The data in this figure was
taken at E = 2.25 keV.
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FIG. 5. Fit result of the BRirr fraction from the irreducible
background in the sideband regions (full circles), and its ex-
trapolation to the signal region (empty squares).

In the signal region we use a modified model,

P (~n|Bc,BRirr,BRs) =
Q

i
(Bc+Birr(i)+S(i))ni

ni!

⇥ e�(Bc+Birr(i)+S(i)) (5)

where S(i) = BRs · K 0 · �(Ni) is the expected sig-
nal with branching ratio, BRs, in time bin, i, and
K 0 = ⌘ · fo-Ps · ↵BR. The scaling factor ↵BR =
(0.48, 0.51, 0.57, 0.59, 0.63) for E = (2, 2.25, 2.5, 2.75, 3)
keV, takes into account the suppression of the oscillation
of oPs!oPs’ arising from the decoherence induced by the
collisions. This was calculated by numerically solving
the di↵erential equations governing the oscillation pro-
cess including this e↵ect [25]. To extract ↵BR for a given

positron implantation energy E, the measured positron-
ium velocity distributions [32, 33] were used as an input
for MC simulations in order to estimate the mean num-
ber of o-Ps collisions with the vacuum walls as a function
of E.

We allow the irreducible background to give a contribu-
tion in the signal region, such that its size is constrained
from the sideband measurements. To add this constrain
we use a Gaussian prior on the irreducible background
parameter, BRirr, with a mean and sigma of the Gaus-
sian prior given by the extrapolation from the sideband
regions (see Fig. 5). Finally, we use a joint evaluation of
Bayes theorem for the signal branching ratio using data
from both the E = 2.75 and 3.0 keV measurements.

From the 90% Bayesian credibility interval, we extract
an upper limit of BR(o-Ps ! invisible) < 2.6 ⇥ 10�5

at 90% C.L. for the case where this process is not af-
fected by decoherence, i.e. for ↵BR = (1, 1, 1, 1, 1).
When considering the suppression factor for the oscilla-
tion of oPs!oPs’ arising from collisions, an upper limit
of BR(o-Ps ! o-Ps’ ! invisible) < 4.0 ⇥ 10�5 (90%
C.L.) is obtained. By solving equation 2 as a function of
the mixing strength, this can be converted in an upper
bound of " < 5.8⇥ 10�8.

CONCLUSIONS

No excess of events out of 4.6 ⇥ 107 or-
thopositronium decays is observed above the ex-
pected background extracted from the data, thus a
BR(o-Ps ! o-Ps’ ! invisible) < 4.0 ⇥ 10�5 at 90%
C.L. can be set. This result excludes the existence of
massless mirror dark photons coupling through kinetic
mixing with a strength larger than " < 5.8⇥ 10�8. This
is the first time that a laboratory experiment reaches
a sensitivity comparable with cosmological bounds.
Future improvements of this experiment include a
neon based moderator and a re-moderation stage in
transmission mode [36]. The overall trigger rate will be
reduced by a factor 3 but the much better quality of the
positron beam (i.e. much smaller energy spread) will
allow to improve the bunching compression and thus
the signal-to-background ratio by at least a factor of 10.
The implementation of a carbon foil will prevent o-Ps
escaping the detection region and improve the confidence
level of the tagging system reducing the background
from electron emission by two orders of magnitude [37].
This will allow to push the experiment to the ultimate
sensitivity of " ⇡ 10�9 � 10�10, which is of great interest
both theoretically and phenomenologically.

Mixing strength 𝛄-𝛄’

M. Raaijmakers, L. Gerchow, B. Radics, A. Rubbia, C. Vigo and P. Crivelli, arXiv 1905.0912
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Figure 14. Setup used for the measurements with the tagging system. In order to accelerate the SEs from
the target a voltage difference between the sample holder (green) and the carbon foil has to be applied. A
ceramic ring electrically insulates the carbon foil holder and the target holder.

from the target is suppressed by the angular spread introduced by crossing the carbon foil, when
propagating in the backward direction. This introduces in the trajectories larger spirals along the
magnetic field axis with respect to the SE from the CF, and thus, reduces the probability of the SE
to hit the MCP active area. An example of an event recorded with the oscilloscope is shown in Fig.
15. The START signal is given by SEs produced at the target and the pulse at 20 ns is from the SEs
produced at the CF. The data in Fig. 16 show the time delay spectrum with respect to the START
signal for the electrons arriving at the MCP with 105 triggers. These results confirm qualitatively
the prediction of the simulation6. Note, that in this distribution the time is inverted with respect to
the simulations. In the simulation the time t=0 is defined by the positron arrival time at the CF.

The first peak at about 2ns (and a tail extending to 5 ns) is due to the MCP dead time: the first
electron in the SE cloud from the target (or carbon foil) makes a START signal and after the dead
time a second electron of the same cloud produces another signal. The second peak between 10
and 17 ns is triggered by the SEs from the CF when the START signal is produced by SE from the
target; only the events in this peak are used for the positron tagging. The broadening of this peak
is due to the angular spread of the SEs emitted from the target and scattering in the carbon foil.

The time separation of 15 ns between the START and the second peak is consistent with a
simple estimation considering a straight propagation of the SE electrons produced at the carbon
foil and the SEs from the sample (see Table 1).

Voltage [kV] Flight time [ns]
1.2 39
3.8 22 Δt 17 ns

Table 1. Estimated flight time for SE emerging from CF (1.2 kV) and from the sample 3.8 kV for a distance
of 80 cm. The expected delay time is 17 ns.

To estimate the trigger efficiency and the fake trigger suppression of our system, we compare
two measurements:

6As will be discussed later in this section, Geant 4 does not reproduce correctly the transmission, scattering angles
and backscattering coefficients of charged particles with few keV energies.
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▪ Latest results: no excess above expected background observed  
→ for the first time limit comparable to contraints from cosmology.

Possible improvements 
▪ Higher e+ flux (Neon moderator) and better 

energy spread (Ni/W remoderator)  
▪ Implementation of 10-20 nm carbon foil  

to block Ps escaping the detection region 

▪ Main limitations: accidental triggers, positronium escaping the detection region

▪ GOAL: reach a sensitivity on mixing strength of 𝝐 ∼10-9 

(not excluded by cosmology, motivated by BSM theories, cross check DAMA claim….)

3

FIG. 1. A sketch of the newly designed cavity. The high
resistance germanium layer connecting the target with the
grounded pipe reduces the extreme fields near the target.

FIG. 2. The hermetic calorimeter of 91 BGO crystals sur-
rounding the porous silica target. Positrons are injected in
the ECAL through a thin 16 mm diameter vacuum pipe to
reduce the losses of annihilation photons through the aper-
ture. Orthopositronium atoms can only escape the detection
region along the beam direction which is about 200mm deep
within the ECAL.
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FIG. 3. Sketch showing o-Ps: 1) escaping the detection region
and 2) decaying inside the ECAL.

from the target. Electron emission from the target is
strongly dependent on the set potential. At 2 kV the
electron emission is less than 1Hz, while at a potential of
3 kV it increases to 50Hz. Dark counts in the MCP are
at a rate of approximately 0.1Hz. The contribution from
false triggers can be measured from the data by using a
control region away from the positron pulse arrival.

The emission energy of o-Ps depends on the positron
implantation energy as studied in detail for the used con-
verters with time of flight and Doppler broadening tech-
nique [32, 33]. In the range of voltages used for this
measurement the mean o-Ps energy decreases approxi-

mately linearly from 450 to 170 meV for 2 kV to 3 kV
implantation energies. Therefore, increasing the energy
of the incoming positrons reduces the background from
o-Ps events escaping the detection region as shown in
Fig. 3. The probability for this process was studied with
a detailed Monte Carlo (MC) simulation with Geant 4
validated with previous data [25, 32] and is at a level of
3⇥ 10�5 for 2 keV positron implantation energy.
Moreover, some backscattered positrons can capture

an electron close to the surface of the target and are re-
leased in vacuum before thermalization occurs [34]. The
energy of this fast o-Ps can be up to several eV, whereas
thermalized o-Ps has energies of around several hundred
meV. This fraction of fast o-Ps is also likely to escape the
detection region [35].

DATA ANALYSIS AND RESULTS

The analysis strategy for the search is as follows. We
search for the o-Ps ! invisible decays in the signal region
of data taken at energies E = 2.75 and E = 3.0 keV. For
data taken at these energies the contribution from the
irreducible background arising from fast o-Ps escaping
the detection region, Birr, is expected to be the smallest.
In order to estimate this background, we use a sideband
region of data taken at E = 2.0, 2.25 and 2.5 keV en-
ergies. Since any production of a signal or a signal-like
background must completely be driven by the positron
arrival at the target, we model the shape of both the ir-
reducible background and the expected signal following
the measured pulse shape, as shown in Fig. 4 (left).
The irreducible background in the sideband region

gives the dominant contribution in the data, therefore
it allows to estimate its contribution in the signal region.
The statistical likelihood model used to estimate the ir-
reducible background in the sideband region is as follows:

P (~n|Bc,BRirr) =
Y

i

(Bc +Birr(i))ni

ni!
e�(Bc+Birr(i)) (4)

where Bc is the coincident background, Birr(i) =
BRirr · K · �(Ni) is the irreducible background predic-
tion from the pulse shape of the beam in time bin i, with
�(Ni) the positron flux with Ni the number of observed
events in each time bin, while K = ⌘ · fo-Ps is the factor
taking into account the o-Ps fraction (fo-Ps = 0.30±0.02)
and the detector e�ciency (⌘ = 0.91± 0.01). Using this
model we performed an evaluation of the Bayes theo-
rem and extracted the factor BRirr at each energy. The
agreement between the data and the fit model is shown
in Fig. 4 (right), while the result of the evolution of
the irreducible background and the extrapolation to the
signal region is illustrated in Fig. 5. The irreducible
background contribution is in fair agreement with the es-
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