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We present the results of a search for a hidden mirror sector in positronium decays with a sensitivity
comparable with the bounds set by the prediction of the primordial He* abundance from big bang
nucleosynthesis. No excess of events compatible with decays into the dark sector is observed, resulting in

an upper limit for the branching ratio of this process of 3.0 x 107> (90% C.L.). This is an order of
magnitude more stringent than the current existing laboratory bounds and it constrains the mixing strength
of ordinary photons to dark mirror photons at a level of & < 5.0 x 1078,
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Introduction.—“Now, after the first shock is over, I begin
to collect myself. Yes, it was very dramatic.” This extract of
a letter from W. Pauli to V. Weisskopf [1] reflects the state of
mind of the physical community in 1957 after the announce-
ment of the discovery of parity violation in weak interaction
by Wu et al. [2] and Lederman and co-workers [3] predicted
by Lee and Yang [4] one year before. Nowadays, parity
violation is put ad hoc in the Lagrangian of the standard
model (SM) in the framework of the vector—axial vector
(V — A) theory [5,6], but still there is no explanation of why
the vacuum appears left-right asymmetric.

Some models postulate the suppression of the reverse
chirality (vector + axial vector, V + A) component in weak
interaction by a heavy Wj boson such that parity would be
restored at high energies [7,8]. An alternative solution is the
one already discussed by Lee and Yang in their original
paper [4]: in order to save parity conservation, the trans-
formation in the particle space corresponding to the space
inversion X — —x should not be the usual transformation P
but PR, where R corresponds to the transformation of a
particle into a reflected state in the mirror particle space.

The idea that for each ordinary particle, such as the
photon, electron, proton, and neutron, there is a corre-
sponding mirror particle of exactly the same mass and
properties as the ordinary particle was further developed over
the years [9—13]. R-parity interchanges the ordinary particles
with the mirror particles. Parity is conserved because the
mirror particles experience V + A (i.e., right-handed) mirror
weak interactions, while the ordinary particles experience the
usual V — A (i.e., left-handed) weak interactions.

Doubling the content of the standard model to solve
some problems might seem unnatural, however, it has
worked in the past. From the union of quantum mechanics
and relativity, antimatter was postulated.

Moreover, mirror matter being stable and massive is an
excellent candidate for dark matter (DM). In fact, even
though the existence of DM has been established by
different cosmological observations (see, e.g., [14] for a
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recent review), its origin is still unknown. Many candidates
have been proposed, among which the most popular one is
the weakly interacting massive particles (WIMPs). Despite
intensive searches in accelerators and in direct detection
experiments [15], WIMPs have not yet been observed.
An interesting alternative, which has gained a lot of
attention in recent years, is hidden sectors [16,17]. This
class of models includes the possibility of a new force
mediated by a massive vector gauge U(1) boson, known as
dark photon (A’). The A’ would mediate the interaction
from ordinary and hidden sectors via kinetic mixing
L = eF"F,,, where ¢ is the strength and F* (F,,) the
SM (hidden) electromagnetic field strength tensor. This
term is gauge invariant and renormalizable. If the new U(1)
gauge symmetry is unbroken, the A’ is massless, and for the
mirror hidden sector, the A’ corresponds to the so-called
mirror photon [18].

The photon mirror-photon kinetic mixing would
break the degeneracy between the triplet spin state of
the electron-positron bound state called orthopositronium
(0-Ps) and its mirror partner (o-Ps’) [19], connected via the
0-Ps virtual annihilation channel. The vacuum energy
eigenstates are a linear combination of the mass eigenstates
(0-Ps & 0-Ps’)/+/2, which are separated by an energy
A = 2hev, where h is the Planck constant and v = 8.7 x
10* MHz is the contribution from the virtual one-photon
orthopositronium decay channel [19]. This would lead
orthopositronium to mirror orthopositronium Rabi oscil-
lations. The probability of o-Ps being in its mirror matter
state after a time ¢ is given by

P(0-Ps — 0-Ps') = exp(—T'g\t)sin?Qt, (1)
with Q = 27ev and T'gy; = 7.040 us™' as the o0-Ps decay
rate predicted by the SM [20] that has been accurately

measured [21,22]. The branching ratio for 0-Ps — 0-Ps’ in
vacuum is thus given by
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FIG. 1. Sketch of the experimental setup and technique. ECAL

granularity and vacuum pipe have been omitted for better
visualization. See text for further details.
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The experimental signature of this process is the
apparently invisible decay of o-Ps, such that the energy
2m, expected for ordinary decays is missing in a hermetic
calorimeter surrounding the o-Ps formation target. Therefore,
the occurrence of the 0-Ps — 0-Ps’ conversion would appear
as an excess of events with zero-energy deposition in the
calorimeter above the expected background.

Previous experiments searching for o-Ps — invisible
have been performed with o-Ps confined in the pores of
aerogels [23,24]. The most stringent limit on the branching
ratio of this process is 4.2 x 1077 [26]. However, since
collisions with matter destroy the coherence of the oscil-
lation, the branching ratio of the 0-Ps — 0-Ps’ — invisible
process is suppressed, scaling approximately as the square
root of the number of collision (N ). In the aerogel pores,
0-Ps undergoes approximately N, = 10* collisions per
lifetime; thus the oscillation is inhibited by a factor
v/Ncon = 100. Therefore, an experiment in vacuum is much
more sensitive to & and it allows one to remove the
systematic uncertainty related to o-Ps collisions in the
pores as it was recently demonstrated [27].

An upper limit of £ <3 x 107® was deduced by the
successful prediction of the primordial He* abundance via
big bang nucleosynthesis [28]. Considering additional
cosmological and astrophysical observations such as cos-
mic microwave background and large scale structure
formation, a more stringent bound at a level of 1072 can
be obtained [29,30]. These values are in the range of
naturally small ¢ motivated by grand unification models
[31] and by cosmology [32].

Experimental method and setup.—The principle of the
experiment is sketched in Fig. 1. Positrons from the ETH
Zurich beam [27] impinging on a porous silica target

Sio, BGO
crystals

Vacuum
pipe

FIG.2. The ECAL surrounding the vacuum pipe and the porous
silica target consists of 91 BGO crystals in a honeycomb
structure, providing granularity and high Hermiticity.

produce positronium emitted into vacuum, with a con-
version efficiency of about 30% [33]. The target is
surrounded by 91 bismuth germanium oxide (BGO)
crystals forming a highly hermetic calorimeter (ECAL)
as shown in Fig. 2. When positrons hit the target, secondary
electrons (SEs) are released. The SEs are guided to a
microchannel plate (MCP), providing the tagging of the
positron arrival at the target and opening a gate of 3 us for
the ECAL data acquisition. To decrease the number of
accidental triggers, the positron beam is chopped to 300 ns
wide pulses at a rate of 333 kHz and then time compressed
(bunched) using a time-dependent potential, resulting in a
narrower distribution in the arrival of positrons at the target
defined as the time difference between the chopper gate
opening (#,) and the arrival of a secondary electron ().

The energy deposited by the annihilation photons is
recorded for each individual BGO crystal. Some of the
BGO signals are split to also record the time distributions.
This allows us to determine the fraction of 0-Ps emitted into
vacuum and monitor it during the run by fitting the time
spectra to extract the intensity of the long-lived ~142 ns
component [33].

An event is considered to be zero-energy compatible
when each individual crystal k measures an energy below a
threshold ET. The thresholds E are determined with the
incoming positron beam shut off to ensure a total detection
efficiency 7, > 0.9. For a more detailed description of the
setup, the reader should refer to [27,34]. Here we report two
major upgrades that increased the signal-to-background
ratio by one order of magnitude.

To form positronium emitted into vacuum with a kinetic
energy of ~100 meV, the positrons have to be implanted in
the porous silica film with energies of a few keV. This
is done by biasing the target at a high potential of typically
1-3 kV. In the previous search [27], this resulted in a
significant emission of electrons inducing false triggers in
the system (uncorrelated with positrons) and thus limiting
the sensitivity of the experiment.

The target design has been improved to reduce the effects
of large electric fields near the target due to the high
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FIG. 3. 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.

potentials applied to it. A sketch of the new design is shown
in Fig. 3.

In the previous cavity design, the target was separated
from the grounded pipe only by a thin layer of Kapton,
resulting in strong electric fields (4 kV cm™!). In the new
design, a thin 40 nm germanium layer of 40 mm length was
added to connect the target with the grounded pipe. In this
way, the electric fields are reduced to ~0.5 kVcm™' and
the electron emission at 3 kV by a factor of 100.

The tungsten moderator has been upgraded to an argon
moderator, increasing the average positron flux by 20.
Unlike the Gaussian beam profile of the tungsten moder-
ator, the new moderator produces a donut-shaped profile
arising from the conical shape of the source holder used to
optimize the positrons moderation efficiency. Therefore,
the secondary electrons are released closer to the walls of
the cavity, reducing the tagging efficiency by a factor of 2.

Two types of background contribute to the number of
zero-energy compatible events, namely, uncorrelated and
correlated with the positrons arrival at the target.

(i) Uncorrelated background, or false triggers, are uni-
formly distributed in time and originate from dark counts in
the MCP or electron emission from the target. Dark counts
in the MCP are approximately 0.1 Hz. Electron emission is
strongly dependent on the set potential. At 2 kV this is less
than 1 Hz, while at a potential of 3 kV it increases to 50 Hz.
The contribution from false triggers is measured from the
data by using a control region away from the positron pulse
arrival.

(i1) Background correlated with the positron arrival at the
target arises from backscattered positrons, o-Ps escaping
the detection region, and ECAL Hermiticity. Backscattered
positrons are the dominant contribution, the other two
sources being expected below 107 [27] and 1077 [34],
respectively. Positrons impinging on the target backscatter
with a probability ranging from 1% to 2% at 1 keV,
decreasing with the implantation energy [35]. If the positron
loses less energy than the one it had before being accelerated
by the target voltage, i.e., the energy corresponding to the
source bias and the additional energy gained during the
bunching process, it may escape the detection region and
result in a zero-energy event. A rejection electrode can be
used to prevent this, as demonstrated in [27], however, in the

measurements presented here this was not working due to
technical issues. A Monte Carlo (MC) simulation was
developed to calculate the expected background from this
process. This required a detailed description of the electric
and magnetic fields computed with the SIMION software [36]
and then imported into the GEANT4 simulation [37]. The
resulting escape probability Py, is 1-1.7 x 107, The main
sources of systematic uncertainties are the positron energy
distribution (50 eV due to the bunching process) and the
shape of the beam profile. Assuming the two to be uncorre-
lated gives a total uncertainty of 35% to 40%.

Data analysis and results.—The data were taken at
E,- =2.0,2.25,2.5,2.75, and 3 keV positron implantation
energies. Figure 4(a) shows the time distribution of positron
arrivals at the target for the 2 keV data point (this is
representative for all other energy points).

Since any production of a signal or a signal-like back-
ground must be completely driven by the positron arrival at
the target, we model the shape of both the irreducible
background and the expected signal following the mea-
sured pulse shape, as shown in Fig. 4(a).

The plots in Figs. 4(b)—4(f) show the time distribution of
the fraction of zero-energy events, denoted as A, normal-
ized to the total number of positrons on target after
subtraction of the flat background contribution arising
from accidentals. The zero-energy peak decreases with
increasing implantation energy as expected for the back-
ground. For a signal arising from o-Ps’ decays, one expects
the opposite behavior. In fact, increasing the implantation
energy decreases the number of collisions with the vacuum
cavity and thus enhances the oscillation probability.

The time distribution at 3 keV implantation energy
shows large statistical fluctuations due to a higher back-
ground from accidentals. This is expected because electron
emission from the target increases greatly at larger electric
fields, as mentioned in the previous section. This dataset
was thus excluded from any further analysis.

Figure 5 shows that the fractions of zero-energy events
(A) extracted from Figs. 4(b)—4(e) are compatible with the
escape probabilities Py, predicted by the Monte Carlo
simulation within the systematic uncertainties, plotted as
error bars.

The analysis of the data is performed using a Bayesian
approach. The four datasets are fit jointly by a likelihood
model, with a statistical term

bins ] )]
] Buce + Biau(i) + S()]""
P(N|Bac(:’ Pfast’ BRS) - H[ fnt<<i))' ( )]

X e_[Bacc+Bfasl(i)+S(i)]

; (3)

where P is the joint probability of observing the data
N= {n;} given the following model: (a) B,. is the
flat, uncorrelated background arising from accidentals.
(b) Bpy(i) = Prn®(i) is the background due to fast
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FIG. 4. (a) Time distribution of the positron pulse at the target for E,+ = 2 keV. (b)—(f) Measured zero-energy pulse shape after

subtraction of the flat background contribution arising from accidentals normalized to the total number of positrons on target.

backscattered positrons in time bin i, with Py, as the escape
probability, ®(i) as the positron flux in time bin i, n; as the
number of observed events in time bin i, and n = 0.91 +
0.01 as the detector efficiency. (¢) S(i) = BR,K'®(i) is the
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FIG. 5. Background estimation due to fast backscattered

positrons from MC simulations (full circles) and observed
fraction of zero-energy compatible events (empty circles). The
small offset in implantation energy between data points is
artificially added for visualization purposes.

expected signal with branching ratio BR,, in time bin i,
where K' = nf,pag, with f,ps=0.30+0.02 as the
fraction of 0-Ps and ay = {0.48,0.51,0.57,0.59} as the
suppression factor for E = {2,2.25,2.5,2.75} keV implan-
tation energies. ag takes into account the suppression of the
oscillation of o0-Ps — 0-Ps’ arising from the decoherence
induced by the collisions. This is calculated by numerically
solving the differential equations governing the oscillation
process including this effect [27]. The measured positronium
velocity distributions [38,39] are used as an input for MC
simulations to estimate the mean number of o-Ps collisions
with the vacuum walls as a function of E. The systematic
uncertainty originating from the uncertainty in the measured
energy and angular distributions is estimated to be less than
10% for all the energy data points.

We use Bayes’s theorem to fit the data with the statistical
likelihood term in Eq. (3), Gaussian penalty terms for the
systematic uncertainties, and a flat prior on the signal
branching ratio. The model parameters Py, and B, are
separately fit in each dataset, while BR; is the single joint
parameter used in the fit of all of the datasets.

No excess above the background is found, thus we set
upper limits (at 90% C.L.) for the branching ratios of each
of the following processes: (a) Positron invisible decay:
BR(e* — invisible) < 5.0 x 1075, (b) Model-independent
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o-Ps—invisible process (i.e., az={1,1,1,1}): BR(0-Ps -
invisible) < 1.7 x 1073. (c) BR(0-Ps—0-Ps’ —invisible) <
3.0x1073. By solving Eq. (2) as a function of the mixing
strength, this last limit is converted in an upper bound
of £ <5.0x 1078,

For a background-only model (BR, = 0) fit to the data,
we obtain from a goodness-of-fit test a value of y?/NDF =
1.08 (where NDF = 552 is the number of degrees of
freedom).

Conclusions.—No excess of zero-energy compatible
events out of 2 x 10® tagged positrons is observed above
the expected background extracted from the data; thus a
BR(0-Ps — 0-Ps' — invisible) < 3.0 x 107> at 90% C.L.
is set. This result excludes the existence of massless mirror
dark photons coupling through kinetic mixing with a
strength larger than £ < 5.0 x 1078,

This is the first time that a laboratory experiment has
reached a sensitivity comparable with cosmological
bounds. Future improvements of this experiment include
a neon-based moderator and a remoderation stage in
transmission mode [40]. The overall trigger rate will be
reduced by a factor of 3, but the much better quality
of the positron beam (i.e., much smaller energy spread)
will allow us 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 from escaping the detection region and
improve the confidence level of the tagging system,
reducing the background from electron emission by 2
orders of magnitude [41]. This will allow us to push the
experiment to the ultimate sensitivity of e~ 107°-10710,
which is of great interest both theoretically and pheno-
menologically.
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